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J  INTRODUCTION 
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\ 

The  visual  aquisition  of  militarily  significant  objects  in  a  natural  terrain 
environment  has,  in  the  past  two  decades  come  to  the  forefront  as  a  major 
consideration  in  the  design  of  future  military  weapon  systems.  With  the  surge 
in  sophistication  of  military  hardware  design,  there  is  still  a  strong  reliance  on 
the  capabilities  of  the  human  observer  to  successfully  locate,  identify,  and  bring 
fire  upon  enemy  elements  before  he  himself,  is  destroyed.  This  location  of  the 
enemy  threat  is  most  often  accomplished  without  the  assistance  of  any  clues  or 
devices  other  than  the  appearance  of  an  object  in  the  terrain. 

->Milita  „  planners  now  rely  heavily  on  computer-simulated  war  games  to 
evaluate  the  desirability  and  investigate  tactics  and  employment  of  proposed 
weapon  systems  in  a  combat  environment.  Other  questions  which  might  be 
asked  are  how  certain  changes  in  a  system  affect  performance  in  combat.  How¬ 
ever,  construction  of  sophisticated  computer-simulation  techniques  has  outpaced 
the  development  of  models  adequately  describing  the  capabilities  of  the  human 
visual  system  to  locate  and  identify  the  enemy.  In  this  thesis,  models  of  the 


visual  detection  of  stationary  and  moving  targets  in  a.  natural  terrain  setting  are 
developed,  with  emphasis  toward  their  implementation  in  a  combat  simulation. 
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The  Detection  Phenomenon 


The  ability  of  the  human  vioua)  system  to  successfully  locate  a  threat¬ 
ening  enemy  plays  an  important  role  in  the  outcome  of  any  battle.  The  detection 
of  objects  of  military  significance  has  been  defined  by  Richardson  (1968)  as 
".i.the  act  or  process  whereby  an  observer  gains  knowledge  of  the  presence, 
the  nature,  and  the  location  of  an  object  of  immediate  or  potential  interest  as 
a  target.  In  applications  related  to  military  problems,  it  has  been  the  usual 
practice  to  discuss  target  acquisition  in  terms  of  target  detection,  identification 
and  location.  It  is  by  no  means  obvious  that  operationally  significant  distinc¬ 
tions  can  be  made  between  the  detection  and  identification  parts  of  the  acquisi¬ 
tion  process  which  hold  true  over  the  complete  spectrum  of  tactical  situations 
and  conditions".  Boynton  and  Bush  (1955)  discuss  the  phenomenon  further: 

"The  perception  of  a  critical  target  can  be  complicated  by  the  fact  that  the 
observer  might  think  he  sees  something ,but  is  uncertain  as  to  its  particular  shape 
or  configuration.  This  type  of  perception  Is  compatible  with  the  definition  of 
detection  in  the  practical. .  .situation,  in  which  the  observer  identifies  some 
object  of  interest,  although  he  may  be  unable  to  categorize  it  further.  If,  how¬ 
ever,  the  observer  is  able  to  identify  the  object  as  belonging  to  a  particular 
class  of  objects  or  as  having  particular  attributes,  we  may  safely  surmize  that 
he  has  not  only  detected  an  object  but  that  he  has  also  recognized  it.  Obviously, 
recognition  implies  prior  experience,  in  so  far  as  one  cannot  categorize  a 
completely  novel  object." 
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From  those  statements,  it  is  seen  that  detection,  per  se,  ia  by  no  means 
an  easily  Ascribed  process.  A  wealth  of  visual  detection  data  has  been  collected 
in  the  past  two  decades.  These  data,  taken  under  laboratory  and  field-based 
conditions,  include  both  the  detection  of  uniform -luminance  diskes  silhouetted 
against  homogenous,  uniformly  illuminated  backgrounds  as  well  as  the  detection 
of  complex  three-dimensional  objects  in  a  natural  setting.  Data  taken  under 
these  two  diverse  conditions  have  obvious  advantages  and  disadvantages  for 
application  to  a  model  of  visual  detection.  Data  taken  In  the  laboratory  under 
the  careful  control  of  the  experimenter  are  lacking  in  realism  since  the  conditions 
under  which  they  are  collected  do  not  mimic  natural  conditions.  Data  taken  In 
the  field  environment  are  most  often  of  a  specialized  nature  and  the  conditions 
under  which  they  are  collected  are  usually  not  sufficiently  controlled.  In  this 
thesis,  data  of  both  kinds  are  used  in  the  development  of  models  of  visual  detec¬ 
tion. 

Probability  Models 

The  ability  of  an  observer  to  detect  an  object  in  a  natural  environment 
is  dependent  on  the  conditions  of  the  target,  its  surroundings,  and  the  observer. 
The  time  required  to  distinguish  the  target  from  other  elements  in  the  terrain 
has  been  used  as  a  measure  of  detection  performance  (Stollmack,  1965).  The 
occurrance  of  a  detection  within  time  t  is  a  probabilistic  event  (Koopman,  1946). 
Stollmack  ( 3 965)  has  suggested  that  the  negative  exponential  distribution  de¬ 
scribes  the  detection  time  of  a  human  observer.  The  detection  time  model 
suggested  by  Stollmack  is  summarized  below. 
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The  probability,  P  (At  |  t) ,  that  a  detection  occurs  In  a  small  time 
interval  (t,  t  +  At)  conditional  on  not  detecting  up  to  time  t  can  be  written 
{Stollmack,  19G5)  as:1 


P  (A  t  |  t)  =  X  (t)  A  l  +  0  (A  t) 


where  X  (t)  is  the  conditional  detection  rate  at  time  t  and  it  is  assumed  that 
P  (A  t  |  t)  is  proportional  to  the  length  of  time,  A  t. 

Given  the  conditional  probability,  P  (At  |  t),  the  cumulative  probabilities, 
P(t+  At),  of  detection  in  a  time  (t  +  A  t)  or  less  can  be  written  as: 

P  (t  +  A  t)  «  P(t)  +  [l  -  P(t)J  [  X  (t)  At  ♦  (A  t)J  ,  (1.2) 


where  P  (t)  is  the  cumulative  probability  of  detecting  in  time  t  or  less.  Re¬ 


arranging  terms  in  equation  1.2,  we  have: 


I 


=  fi  -  p  <t)}  f  x  (t)  + 


If  it  iG  assumed  .HJ — !±  approaches  zero  as  A  t  approaches  infinity,  taking  the 
At 

limit  of  equation  1.3  as  At  approaches  zero  yields: 


P  (t)  -  Q(t)  X  (t)  ,  Q(t)  --  j"l-P(t)|  , 


where  p(t)  is  the  unconditional  probability  density  function,  the  derivative  of  the 


l(S(A  t)  =  A  (t)  A  t2  +  \  (t)  A  t3  +  .... 
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cumulative  density  function  P  (t).  Solving  the  differential  equation  given  above, 
P  (t)  becomes: 


P  (t) 


=  1  -  e  0 


X  (  t  )  dT 


(1.5) 


where  r  is  a  dummy  variable. 

Several  assumptions  about  the  form  of  the  conditional  detection  rate  can 
be  made.  The  simplest  is  that  in  which  the  rate  is  assumed  constant  during  the 
entire  appearance  of  the  target  as  shown  in  Figure  1. 


Fig.  1.— Constant  Dev<*:tion  Rate 

This  ctae  is  most  certainly  true  when  the  target  is  stationary  and  the 
environment  in  which  it  is  located  is  fairly  stable  (no  extraneous  clues).  How¬ 
ever,  for  moving  targets,  detection  clues  are  constantly  changing,  altering  the 
form  of  the  conditional  detection  rate.  If  these  changes  in  the  appearance  of 
the  target  occur  instantaneously  during  the  course  of  the  movement  and  are 
measurable,  the  detection  rate  will  remain  constant  depending  on  the  relative 
effect  of  the  environmental  change.  If  it  is  assumed  that  the  effect  of  the  change 
is  constant  until  another  change  occurs,  the  detection  rate  will  assume  the  form 
shown  in  Figure  2. 


I 


v  /  '* 


v/ 

u' 


•*  v 

-'i 
’  '■} 


*4 


m 


6 


X  (T) 


i  : 


'a*. 


A  r 


V> 


^1. 


0  T, 


T  T 
2  3 


T.  Tr 
4  5 


tg  t 


Fig.  2. --Detection  Hate  Changing  Instantaneously  With  Time 


In  Figure  2,  tiu'  target  liecomes  mtervislble  to  the  observer  at  time  0  and 
has  a  conditional  detection  rate  equal  to  Vj  .  At  time  Tj  ,  an  at>rupt  change  m 
tho  characteristics  of  the  target  apparent  to  the  observer  occurs,  such  as  a 
change  in  apparent  velocity,  contrast  of  the  target  with  its  background,  or  a 
change  in  apparent  size.  This  pioduees  a  change  in  tin  detection  rate  of  the 
observer,  raising  it  to  a  level  X,,  alter  time  T.  ,  Similar  changes  occur  through 
out  tho  course  of  the  target’s  movement  until  it  disappears  from  view.  This 
case  of  abruptly  changing  detection  rate  is  discussed  fmther  in  Chapter  1, 
where  data  collected  by  Brown  (HK>t‘>!  are  used  to  estimate  the  detection  rate.-.. 

•Xj  (  i  1 ,  2,  . .  .1 .  -\  description  o;  the  experiment  conducted  by  brown  to 
measure  the  detection  times  of  observers  in  the  field  is  given  ut  Appendix  A 

In  truth,  the  dote  el  ion  rite  does  not  usually  undergo  the  abrupt  change? 
shown  in  1‘igure  ,  .  Tin-  changes  are  much  more  subtle  and  occur  more  freon  -i.\ 


- _ , _ ^  -  ...  .  ...  .  ..  . 
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so  that  the  detection  rate  would  more  often  appear  as  shown  in  Figure  3,  where 


X  (  t  )  is  a  continuous  function  of  time  (depending  on  the  movement  trace  of  the 
target  and/or  the  observer). 


Fig.  3. --Hypothesized  Form  of  the  Conditional  Detection  Rate 
According  to  the  Glimpse  Model 

It  is  obvious  that  any  attempt  to  explain  this  phenomenon  from  observer 
detection -time  data  would  be  fruitless  since  an  unwiedly  sample  size  is  necessary 
because  of  the  high  number  of  changes.  1  or  this  reason  a  theoretical  model  of 
the  conditional  detection  rate  which  is  compatible  with  computer  simulation 
requirements  is  developed  which  draws  on  an  extensive  review  of  the  literature 
pertinent  to  visual  detection.  This  model  which  combines  elements  of  search 
and  psychophysical  data  is  of  the  form: 


-  ~!» .^^.»^**^^"*=«>‘*“»«SS««>*!1*M^<^  ... 
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where  p  in  the  rate  at  which  fixations  (glimpses)  are  made  by  the  observer,  p 
hi  a  constant  which  corrects  for  the  number  of  forms  in  the  scene  which  resemble 
the  target  (confusing  forms),  and  g  (S,t  )  is  the  probability  that  the  target  is 
detected  on  a  single  glimpse,  a  function  of  a  set  environmental  variables,  S, 
and  the  time  t  . 

A  model  which  predicts  the  single -glimpae  detection  probability,  g(S,  t), 
developed  in  Chapter  3,  draws  heavily  on  the  discussion  of  the  pertinent  litera¬ 
ture  on  the  detection  phenomenon,  discussed  in  Chapter  2.  The  model  discussed 
in  Chapter  3  predicts  the  single-glimpse  detection  probability  based  on  the  beBt 
evidence  available  to  the  writer. 

In  Chapter  3,  environmental  variables  such  as  target  and  terrain 
reflectance  and  the  position  of  the  source  illuminating  the  target  and  terrain  are 
used  to  predict  the  luminance  of  the  target  and  its  surrounding.  Contrast  of 
the  highlighted  and  shaded  areas  of  the  target  with  the  background  and  foreground, 
respectively,  are  used  in  an  expression  for  the  single-glimpse  detection  proba¬ 
bility  of  the  target.  To  derive  this  expression  several  simplifying  assumptions 
are  necessary.  These  assumptions  are  made  according  to  the  evidence  pres¬ 
ented  in  the  literature  review  (Chapter  2)  and  the  judgment  of  the  writer.  With 
these  assumptions  data  is  available  to  permit  derivation  of  the  model.  During 
the  course  of  this  thesis ,  it  will  become  evident  to  the  reader  that  additional 
basic  data  concerning  the  detection  phenomenon  are  quite  necessary.  However, 
since  only  a  limited  amount  of  very  basic  data  is  available  it  must  suffice  for 
the  development  contained  in  Chapter  3.  The  development  of  a  detection-time 
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model  with  continuous  -time  detection  rate,  hereafter  called  the  "glimpse  model" 
is  presented  in  Chapter  4.  The  validity  of  the  "g.Urapse  model"  is  rather  difficult 
to  test  because  of  the  limitied  capability  to  obtain  dependable  continuous  physical 
measures  of  the  quantities  used  in  its  development  and  an  inability  to  approxi¬ 
mate  its  time  dependency  with  any  great  accuracy.  For  these  reasons,  the 
reader  must  digress  a  step  and  consider  a  model  developed  and  tested  for  abrupt 
changes  in  the  detection  rate  baaed  on  actual  field  data.  The  form  of  the  detec  - 
tion  rate  from  the  glimpse  model  should  be  close  to  that  of  the  abrupt-change 
model  with  minor  fluctuations  as  shown  in  Figure  4. 


X(T) 


_ Model  based  on  field  data 

with  abrupt  changes  in  X  (t  ) 

__  _ _ Glimpse  Model  based  on 

theory 


Fig.  4.— Comparison  of  the  Conditional  Detection  Rate  for  the 
Model  Based  on  Field  Data  with  that  of  ’the  Glimpse 
Model. 


Detection -time  data  are  available  from  an  experiment  conducted  by  Brown  (1966). 
From  these  data,  it  is  possible  to  estimate  the  conditional  detection  rate  in 


each  of  the  time  intervals  used  in  the  simplified  probabilistic  model.  Moving 
pictures  of  the  scenes  used  by  Brown  were  available,  so  an  attempt  was  made 
to  investigate  the  correspondence  between  the  glimpse  model  and  the  simplified 
model.  However,  it  was  impossible  to  measure  all  of  the  target  scene  variables 
necessary  for  complete  validation.  The  method  of  validation  and  unsuccessful 
attempts  to  collect  data  from  films  are  discussed  at  the  end  of  Chapter  4. 

Chapter  5  contains  &  discussion  of  the  are*  of  target  detection  research, 
with  emphasis  on  the  implications  of  the  models  contained  in  this  thesis .  As 
will  be  noticed  from  time  to  time,  an  extensive  amount  of  additional  data  are 
needed  to  improve  the  resolution  of  the  model.  Some  of  these  data  needs  are 
discussed  in  the  final  chapter. 


CHAPTER  2 


FACTORS  AFFECTING  TARGET  DETECTION 


Light  contains  information  of  the  nature  of  object*  in  the  environment. 
Structures  or  patterns  of  different  intensities  and  compositions  (such  as  margins , 
texture,  pattern,  contour  or  form)  evolute  responses  in  the  individual.  The 
geometric  perspective  of  these  clues  are  used  to  analyte  information  about  the 
environment. 

The  eye  is  an  instrument  exploring  the  environment  employing  pursuit, 
compensatory  and  saccadic  movements  which  produce  a  response  to  the  environ¬ 
ment.  Vernon  (1957)  suggests  that: 

"Perception  is  selective  and  is  determined  in  accordance  with 
the  classification  of  incoming  sensory  data  into  organised 
categories  of  schemata ,  in  which  the  sensory  data  are  selected 
and  combined  systematically  with  the  relevant  cognitive  data 
and  tendencies  to  appropriate  action."  Furthermore,  "Schemata 
are  utilized  to  form  hypotheses  about  the  nature  of  the  immediate 
situation.  These  hypotheses  are  tested  by  attempting  to  select 
from  the  incoming  sensory  data  those  which  fit  them.  Data  that 
do  not  fit  may  be  ignored  or  rejected,  if  they  are  unusually  vivid 
or  persistant,  the  observer  may  take  some  active  measures  to 
check  them  and  if  necessary,  to  modify  the  hypotheses  to 
accomodate  them.  If  data  are  inadequate  or  ambiguous,  the  ob¬ 
server  will  perceive  what  his  schemata  lead  him  to  expect.  Where 
schemata  are  too  broad  or  insensitive  to  afford  perceptions  that 
are  accurate  in  every  detail,  they  may  be  refined  by  perceptual 
learning." 

Detection  as  discussed  in  Chapter  1  is  a  subclass  of  the  phenomenon  of  perception 
discussed  by  Vernon.  The  task  of  the  observer  is  to  classify  the  object  into  a 
recognizable  subset  based  on  a  known  set  of  attributes.  This  classification 
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system,  Inborn  in  the  observer,  is  affected  only  by  the  physical  appearance  of 
the  object.  This  chapter  is  denoted  to  a  discussion  of  several  recent  experi¬ 
mental  works,  conducted  both  in  the  laboratory  and  the  field,  to  identify  some  of 
these  factors  and  quantify  their  influence  on  detection  and  identification  per¬ 
formance.  The  following  factors  are  explored  in  some  detail: 

1 .  Target  Size 

2.  Target  Shape 

3.  Confusing  Forme 

4.  Eye  Movements 

5.  Target -to -Background  Contrast 

6.  Target  Form 

7.  Target  Motion 

The  effects  of  these  factors  are  then  used  in  Chapter  3  to  predict  the 
probability  that  a  target  in  a  natural  terrain  setting  is  detected  on  a  single 
glimpse.  Information  in  this  chapter  is  again  vised  in  Chapter  4  to  predict  the 
ooudltional  detection  rate,  X  (t  ),  discussed  in  Chapter  1. 

Target  Size 

The  effect  of  target  size  on  detection  has  been  investigated  by  several 
experimenters.  It  has  been  shown  (Kincaid,  et  ai. ,  1960)  that  the  probability 
of  detecting  s  target  increases  as  its  apparent  size  to  the  observer  increases. 
Target  detection  is  discussed  in  terms  of  an  ''element  contribution"  theory  of 
spatial  summation  which  predicts  that  the  threshold  decreases  as  the  target 
site  increases.  Steedman  and  Baker  (1960)  conducted  an  experiment  to 


to  determine  how  the  ability  of  an  observer  to  identify  an  object  is  affected  by  the 
size  of  the  object  in  a  complex  abstract  display.  Targets  were  generated  on  a 
90,000-cell  matrix  of  confusing  forms.  After  being  shown  a  reproduction  the 
target  in  the  same  orientation  as  it  was  to  be  seen,  the  subject  was  told  to  locate 
the  target  in  the  display  containing  the  confusing  forms.  The  major  finding  was 
that  identification  time  was  constant  for  targets  above  12  minutes  of  arc,  while 
performance  deteriorated  for  targets  below  12  minutes.  Richardson  (1962) 
measured  the  maximum  sighting  range  for  ships  of  various  lcogths  at  sea. 

Figure  5  shows  the  relationships  between  the  range  at  which  50  percent  of  the 
observers  detected  the  ship  and  the  length  of  the  ship.  From  this  figure,  it 
can  be  seen  that  larger  targets  (ships  having  greater  length)  are  detected  before 
the  smaller  targets  (that  is ,  at  high  target-to-observer  ranges ,  large  targets 
are  naturally  more  detectable  than  small  targets).  In  a  study  by  Boynton  and 
Bush  (1955)  it  was  shown  that  the  probability  of  recognizing  (identifyirtg)a  target 
form  increases  as  the  target-to-obeerver  size  increases  regardless  of  the 
nature  (shape)  of  the  form.  Fox  (1956)  investigated  the  effect  of  object  size  on 
both  detection  and  recognition.  Circles,  irregular  shapes,  squares,  triangles, 
crosses,  and  stars  of  three  different  sizes  were  presented  to  observers.  It 
was  shown  that  an  increase  in  object  size  decreased  the  detection  and  rec  - 
ognition  threshold  and  increased  the  frequency  of  correct  identification. 

The  results  of  these  few  experiments  illustrate  a  rather  intuitive  notion 
about  target  detection  ability.  That  is,  the  larger  a  target  appears  to  the 
observer,  the  easier  it  is  to  detect  and  identify.  However,  a  measure  of  this 
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target  size  is  not  so  intuitive,  since  the  shape  of  a  target  commonly  encountered 

in  a  natural  environment  is  very  complex,  presenting  an  infinite  number  of 

linear  dimensions  which  might  qualify  as  that  measure  which^tiietatoa^detect- 

ability.  That  measure  of  size  most  often  used  is  the  singular  subtense  of  tae 

target,^  defined  as  (Wulfeck,  et  al. ,  1958):  \ _ 

"The  angle  subtended  by  an  object  of  vision  at  the  nodal 
point  of  the  eye.  The  magnitude  of  this  angle  determines 
the  size  of  the  corresponding  retinal  image,  irrespective 
of  the  size  or  distance  of  the  object." 

This  definition  can  apply  to  any  linear  dimension  of  the  target,  be  it  the  diameter 
of  a  circular  target,  the  greatest  linear  dimension  of  a  rectangular  or  complex 
target,  or  the  perimeters  of  any  shaped  target  (Harris,  1964).  Most  of  the 
psychophysical  data  available  on  object  detectability  use  the  angle  subtended  by 
the  diameter  of  a  circular  target  as  the  measure  of  target  size  (Blackwell,  1946; 
Taylor,  1964).  The  use  of  these  basic  psychophysical  data  to  predict  the  detect¬ 
ability  of  a  complex  target  in  a  complex  natural  environment  is  discussed  in 
Chapter  3. 


Closely  related  to  the  size  of  the  target  is  its  shape  or  "form"  apparent 
to  the  observer.  Targets  typically  encountered  in  the  field  are  complex  three- 
dimensional  objects  which,  due  to  changes  in  surface  orientation  relative  to  the 


observer  and  the  illuminating  source  (the  sun,  etc.),  appear  as  a  pattern  of 


^Boynton  and  Bush  (1957)  investigated  the  differential  effect  of  target 
size  as  opposed  to  observer  to  target  distance  on  the  probability  of  correct 
identification.  For  targets  subtending  the  same  visual  angle,  the  percent 
correct  recognition  for  the  physically  smaller  targets  was  32.1  percent,  while 
the  physically  larger  targets  used  to  imulate  the  same  distance  were  correctly 
identified  only  27.0  percent  of  the  time. 
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brightnesses  which  must  be  discerned  by  the  observer  as  the  object  of  Interest. 

Most  studies  investigating  target  shpae  have  been  performed  with  rather  simple 

two-dimensional  objects  (circles,  squares,  rectangles,  triangles,  etc.)  Smith 

(1961)  measured  the  mean  time  required  to  identify  variously  shaped  targets 

(triangles,  squares,  pentagons,  and  hexagons)  from  similar  confusing  forms 

(circles  of  the  same  area  and  contrast)  in  a  circular  display.  Figure  6  shows 

the  effect  of  target  shape  on  the  mean  search  time  for  four  observers.  From 

Figure 6  it  is  noted  that  as  the  number  of  aides  the  form  has  increases,  so 

does  the  mean  search  time.  This  suggests  that  as  the  shape  of  the  target 

approaches  that  of  the  other  forms  In  the  display,  it  is  more  difficult  to 

identify  or  discriminate  from  these  other  forms.  In  the  field  situation,  this 

would  correspond  to  a  target  whose  shape  or  form  is  altered  by  the  use  of 

camoflage  to  resemble  elements  of  the  terrain.  The  results  of  a  study  by 

Lamar,  Hecht,  Shlaer,  and  Hendley  (1917)  indicate  that  the  ratio  of  the  length 

of  a  rectangular  target  to  its  width  significantly  affects  the  ability  of  an  ob- 

3 

aerver  to  detect  the  object.  As  shown  in  Table  3,  the  contrast  threshold  of  the 
target  increases  with  this  ratio  at  two  of  the  different  levels  of  background 
luminance  studied.  In  Table  1 ,  it  appears  for  targets  of  the  same  area  threshold 
contrast  is  essentially  constant  when  the  ratio  of  length  to  width  of  the  target  is 
below  seven.  However,  for  targets  of  equal  area  having  ratios  of  length  to 
width  above  seven,  the  threshold  contrast  appears  to  increase. 


Contrast  threshold  will  be  discussed  later  in  this  chapter. 


Search  Time  (Seconds) 
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TABLE  1 

RELATIONSHIP  BETWEEN  THRESHOLD  CONTRAST  AND  TARGET  AREA 
FOR  RATIO,  (LAV)  OF  LENGTH  TO  WIDTH  OF  A  RECTANGULAR 
TARGET  TAKEN  FROM  LAMAR,  et  k1.  ,  1947 


Background  Lumi¬ 
nance  (ft  lrunberts) 


Target  Area 
(min?) 


0.50 

0.75 

1.00 

1.50 

3.00 

10.00 

50.00 

100.00 

300.00 

800.00 


1 
5 
8 

0.102 

0.0582 

0.0321 

0.0167 

0.0196 

0.0166 

0.0200 


^-7 

W 


0.288 

0.207 

0.154 

0.118 

0.0662 

0.0330 

0.0167 

0.0132 

0.0132 

0.0158 


0.850 
0  576 
0.434 
0.330 
0.177 
0.0716 
0.0312 
0. 
0.0165 
0.0162 


o 

ca 

1! 

w  =  ,° 

0.631 

0.252 

0.470 

0.187 

0.322 

0.172 

0.278 

0.108 

0.166 

0.0445 

0.0506 

0.0162 

0.0226 

0.0141 

0.0189 

0.0117 

- 

0.0109 

— 

1 .540 

0.750 

1.240 

0.553 

0.911 

0.465 

0.702 

0.228 

0.382 

0.115 

0.161 

0.0394 

0.0572 

0.0266 

0.0408 

0.0154 

- 

0.0141 

- 

S-,.-  *-  „ _ _ 


Based  on  these  results ,  the  authors  suggest  that  luminance  around  the 
edge  of  the  target,  not  its  area,  dictates  detectability.  In  a  derivative  study 
by  Nachman  (1953),  verifying  the  results  of  Lamar,  et  ah ,  it  was  found  that 
targets  which  varied  in  area  but  were  equal  in  the  amount  of  useful  edge  had  equal 
contrast  thresholds,  as  hypothesized  by  Lamar  and  his  colleagues. 

In  the  experiment  conducted  by  Fox  (1956),  discussed  earlier,  the  shape 
(circle,  irregular  figure,  square,  triangle,  cross  and  star)  of  the  object  did 
not  affect  the  detection  threshold  for  small  targets.  However,  for  larger 
size  targets,  shape  did  have  a  pronounced  influence  on  the  detection  threshold. 
However,  according  to  the  results  of  Fox,  shape  did  have  significant  effect 
on  the  identification  threshold.  The  irregular  figure  and  the  cross  had  higher 
recognition  thresholds  than  the  circle,  star,  square  and  triangle.  Based  on  his 
results,  Fox  suggests  that  complex,  more  unfamiliar  forms  are  more  difficult 


to  identify  than  the  simple,  more  familiar  forms. 

Zusne  and  Michels  (1962a,  1962b)  in  an  attempt  to  quantify  target 
shape,  asked  subjects  to  rate  several  target  shapes,  cn  a  point  scale  according 
to  their  regularity  or  familiarity.  Bilaterally  symmetrical  shapes  (squares, 
rectangles,  diamonds,  and  parallelograms)  were  judged  more  familiar  than 
asymmetrical  shapes .  It  was  also  suggested  that  compactness  as  indicated  by 
the  ratio  of  perimeter  to  area  and  elongation  (ratio  of  length  to  width)  contributed 
significantly  to  familiarity  of  a  shape,  and  consequently  the  ease  with  which  it  is 
identified  by  an  observer. 
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Krlstofferson  (1 9f»7)  nnd  Kincaid,  ct  ai, ,  (1960)  dlscuee  detoction  in 
terms  of  un  "element  contribution"  theory  which  predicts  that  for  equal  area,  all 
non-circular  targets  should  have  higher  contrast  thresholds  50  percent  level 
than  circular  ones.  Data  are  presented  which  indicate  that  circles  have  the 
lowest  contrast  threshold  followed  by  simple  geometric  forms  (squares,  triangles, 
stars,  etc.)  .  and  long  thin  roctangles. 

Krisloffcrson  and  Blackwell  (1957)  measured  the  contrast  threshold  for 
circles,  squares,  rectangles,  crosses,  and  several  other  regular  target 
shapes  in  a  uniform  background.  Circular  targets  wore  found  to  have  the 
lowest  contrast  threshold,  while  the  contrast  threshold  of  rectangles  increases 
aa  the  ratio  of  length  to  width  increased.  This  result  agrees  fairly  with  the 
results  of  Lamar,  Mecht,  Shlaer,  and  Hendloy  (1947)  discussed  earlier  in  this 
chapter.  Based  on  their  results,  Krlstofferson  and  Blackwell  (1957)  conclude 
that  geometrical  forms  (squares,  crosses,  ntars,  etc.),  which  wore  equal  in 
area  to  a  32  minute  diameter  circle,  had  approximately  the  same  contrast 
threshold  us  the  circle.  Thus,  for  targets  of  tins  size,  target  shape  has  very 
little  effect  on  detectability,  and  can  be  neglected.  Duntloy  (1964)  generalizes 
the  relative  importance  of  size  to  shape  by  stating  that  the  ". .  .shape  of  an 
object  is  of  minor  consequence  compared  with  the  effect  of  angular  size".  The 
effect  of  having  forms  in  the  display  which  resemble  the  target  both  in  size 
and  shape  is  discussed  in  the  following  section. 
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Confusing  Forma 

Objects  other  than  the  target  in  the  area  In  which  an  observer  Is  search¬ 
ing  can  compete  for  his  attention  because  they  closely  resemble  the  target.  In 
a  natural  scene  these  similar  forms  are  almost  impossible  to  isolate  and 
enumerate  since  it  is  not  known  how  the  eye  processes  information  contained  in 
a  visual  stimulus.  Any  number  of  light  and  dark  spots  in  the  scene,  while  not 
really  resembling  the  target,  attract  the  observers  attention  and  affect  his  ability 
to  successfully  detect  and  Identify  the  object  of  interest.  In  an  attempt  to  quantify 
the  effect  of  conflicting  search  cues  on  search  behavior,  experimenters  (Smith, 
1961;  Boynton  and  Bush,  1957)  have  placed  a  target  whose  configuration  is  known 
to  the  observer  in  a  field  of  similar  geometric  forms,  and  required  to  subject  to 
correctly  discriminate  the  truo  target  form  from  the  confusing  forms. 

Boynton  and  Bush  (1957)  investigated  the  ability  of  observers  to  correctly 
Identify  a  known  geometric  form  presented  in  a  display  containing  similar 
struniforma  (confusing  forms)  having  curved  edges .  The  contrast  of  the  forms 
with  the  background,  the  number  and  size  of  the  confusing  forms,  and  the  time 
that  the  display  was  exposed  to  the  subject  were  varied.  Exposure  timos  of  11, 

6,  12  and  24  seconds  were  vised  and  the  number  of  confusing  forms  was  either 
8,  16,  32,  64,  128,  256,  512  or  1024,  Target  to  background  contrasts  of  -1.00, 
-.85,  -.67,  -.44,  and  -  .18  were  used.  To  reduce  false  detections,  a  reward 
was  given  .he  subject  for  a  correct  response  to  a  target  presentation.  A  reward 
(motivating)  level  was  discovered  which  resulted  in  approximately  5  percent  of 


the  detections  being  false. 
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Figure  7  shows  the  probability  that  the  target  was  correctly  identified  from  the 
confusing  forms  as  a  function  of  the  exposure  time  and  the  total  number  of  forms 
In  the  display,  averaged  over  all  target-to-background  contrasts. 

Smith  (1961)  also  suggests  that  search  time  depends  on  the  number  of 
objects  in  the  display  and  the  similarity  between  the  object  of  interest  and  the 
false  targets.  Smith  used  a  regular  polygon  (triangle,  square,  pentagon,  and 
hexagon)  as  the  target  and  circles  of  equal  area  and  contrast  as  the  confusing 
forms.  To  minimize  false  detections,  after  each  trial,  the  sheet  upon  which 
responseswere  scoredwas  marked  incorrect  or  correct.  On  this  score  sheet 
was  a  circular  display  upon  which  the  approximate  location  of  the  target  was 
marked.  Play  was  contingent  on  speed  and  accuracy  of  response.  A  report  of 
performance  was  given  after  each  display  presentation.  Errors  or  false 
detections  were  penalized  whenever  they  occurred-most  severely  during  early 
sessions,  less  severely  during  later  ones. 

The  time  required  for  an  observer  to  successfully  locate  the  target  was 
measured  aa  a  function  of  the  number  of  forms  in  the  display.  Figure  8  shows 
the  results  obtained  by  Smith  for  square  targets  contained  in  a  display  of  circular 
false  targets.  He  suggests  that  the  equation, 


log  t  -  m  log  N  +  n 


(2.1) 


where  m  is  the  slope,  n  is  the  intercept  N  is  the  number  of  confusing  forms , 
and  t  is  the  time  required  to  correctly  identify  the  target,  explains  observer 


performance.  In  the  same  experiment,  Smith  varied  the  difference  between  the 
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size  of  target  and  false  target  and  the  contrast  of  the  target  and  false  target  with 
the  background.  Figure  9  shows  the  time  required  to  locate  a  square  target  in 
a  display  containing  256  false  (circular)  targets  as  a  function  of  target-false 
target  percent  size  and  contrast  difference.  Percent  contrast  difference  is  de¬ 
fined  as  the  ratio  of  the  target  to  pseudotarget  contrast  multiplied  by  100.  If 
Cy  is  the  contrast  of  the  target  with  the  background  and  Cp-j.  is  the  contrast  of 
the  pseudotarget  with  the  background  the  percent  contrast  difference,  C  is: 


C  =  CJ.  (100)  . 


Percent  size  difference  is  defined  as  the  ratio  of  the  area  of  the  target  to  the 
area  of  the  pseudotarget  multiplied  by  100.  If  AT  is  the  area  of  the  target  and 
Ap-p  is  the  area  of  the  pseudotarget,  the  percent  Bize  difference.  A,  is 
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From  Figure  9,  it  win  be  seen  that  search  time  increases  as  the  size  and  contrast 
of  the  false  targets  approaches  the  size  and  contrast  of  the  true  target. 

These  studies  indicate  that  increasing  the  number  of  competing  stimuli 
in  a  display  degrades  the  ability  of  an  observer  to  successfully  locate  a 
target.  While  the  forms  used  by  Smith  and  Boynton  and  Bush  were  easily 
countable  due  to  the  carefully  controlled  nature  of  the  laboratory  experiments , 
there  is  no  existing  methodology  for  locating  such  forms  in  a  natural  scene. 

Since,  confusing  forms  in  a  natural  scene  will  undoubtedly  vary  within  each  scene 
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Percent  Correct  Identification 


Exposure  Time 
(Secs.) 


8  16  32  64  128  256  512  1024 


Number  of  Confusing  Forms 


Fig.  7. — Percent  Correct  Recognition  as  a  Function  of  the  Number  of 
Confusing  Forms  and  Exposure  Time  According  to  Boynton 
and  Bush  (1957).  Target  to  Background  Contrast  of  -1.00, 
-.85,  -.67,  -.44,  and  -.18  are  Randomized  Over  All 
Exposure  Times. 
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Number  of  Coafuelng  Forma 


Flf.  8.  —Time  Required  to  Identify  a  Square  Target  aa  a  Function  of  the 
Humber  of  Circular  Confualng  Forma  of  the  Same  Area  and 
Contrast  an  the  True  Target  Taken  from  Smith  (1*61). 
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from  the  target  in  size,  contrast,  and  shape,  making  them  impossible  to  isolate, 
some  other  interpretation  of  competing  stimuli  must  be  made.  A  measure  of 
competing  stimuli,  which  is  still  measured  subjectively  but  is  somewhat 
easier  to  verify,  is  disouseed  in  Chapter  4. 

Hi  Movements 

The  way  the  observer  looks  for  a  target  affects  his  ability  to  successfully 
locate  the  target.  Many  techniques  have  been  devised  for  recording  the  move¬ 
ment  of  the  eye  as  it  searches  a  display.  These  methods  are  described  in 
Alpern  (1962). 

When  an  observer  is  performing  a  search  task,  tbs  eyes  do  not  scan 
smoothly  over  the  area  of  search  responsibility,  but  sporadically  in  a  series 
of  Jumps  called  "saccadic"  movements  (Smith  and  Semmelroth),  19S1),  separated 
fay  brief  pauses  called  "fixations"  (Ford,  at  al. ,  1959).  For  all  praotloal  pur¬ 
poses,  these  flxational  pauses  are  the  only  periods  during  which  detection  can 
occur  (Whits,  1964),  and  consequently  are  of  most  importance.  These  flxational 
pause*  are  often  referred  to  sj  "glimpses"  at  the  object  of  interest.  Smith  and 
Semmelroth  (1961)  suggest  that  peripheral  vision  play*  a  major  role  in  visual 
search* 

.  the  eyes  usually  move  ballistiesllv  frees  one  quite  clearly 
object  or  element  in  the  display  to  another  such  element, 

,  .  i.  e. ,  the  path  of  the  movement  and  the  stopping  point  are 

determined  before  movement  begins.  For  this  to  occur,  tee 
object  of  each  succeeding  fixation  must  be  perceived  peripherally 
before  it  is  perceived  fovially. " 


The  duration  of  the  flxatloo&l  pause  and  ballistic  movement,  measured 
voder  several  different  conditions,  is  discussed  below. 

Ford,  White  and  Lichtenstein  (1959)  suggest  that  when  the  observer  is 
looking  for  an  object  in  a  relatively  homogeneous  field,  the  average  duration  of 
the  fixation  is  about  0.  27  second ,  with  none  less  0. 10  second.  Due  to  the 
time  taken  by  the  saccadic  movements,  several  investigators  (e.  g. ,  White, 

1964;  Ityll,  1962)  suggest  that  3  fixations  can  be  expected  each  second  under 
free  search  situations.  However,  as  the  scene  becomes  more  complex  (as 
more  forms  compete  for  attention) ,  the  average  duration  of  the  fixation  decreases. 
Townsend,  Enoch  and  Fry  (1958)  measured  the  fixation  duration  of  an  observer 
searching  a  display  with  varying  complexity.  Complexity  was  reduced  by  passing 
opaque  filters  of  several  densities  between  the  display  and  the  observer.  Their 
results  suggest  that  a  smaller  area  per  unit  of  search  time  is  cohered  for  the 
complex  scenes  (those  scenes  unblurred).  It  is  also  suggested  that  the  average 
duration  of  the  eye  fixation  increases  as  the  overall  contrast  of  the  scene  is 
reduced  and  the  average  extent  of  individual  eye  movements  decreases  as  the 
overall  contrast  is  reduced  as  a  result  of  blurrin^by  the  opaque  filter.  The 
effect  of  scene  complexity  defined  as  the  relative  amount  o.f  blur  present  in  the 
scene, on  fixation  duration,  as  suggested  by  Townsend,  Enoch,  and  Fry  is  given 

4Blur  is  a  measure  of  odge  definition  and  distortion  and  is  not  necessarily 
completely  described  by  a  contrast  measurement  Targets  of  equal  contrast 
in  displays  with  different  degrees  of  blur  are  not  equally  detectable. 
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In  Figure  10.  From  Figure  10,  it  appears  that  the  duration  of  the  fixation  is 
fairly  constant  at  0.  25  for  the  unblurred  and  slightly  blurred  displays  and  in¬ 
creases  rapidly  as  the  complexity  of  the  scene  decreases.  These  results 
would  suggest  that  fog,  haze,  and  smoke  would  not  only  affect  single-glimpse 
detection  probability  (the  probability  of  detection  on  a  sii*le  fixation  pause)  in 
the  field  by  degrading  target  contrast,  but  will  Increase  search  time  by  increas¬ 
ing  the  average  duration  of  a  fixation. 

The  effect  of  display  size  on  the  fixation  duration  has  been  investigated 
by  Enoch  and  Fry  (1958).  The  results  of  this  study  given  in  Figure  11,  indicate 
that  the  fixation  duration  is  fairly  constant  (0. 35  second)  for  display  subtending 
a  visual  angle  greater  than  10  degrees.  However,  as  the  size  of  the  display 
decreases  (below  10°) ,  the  duration  of  the  fixation  increases  at  an  increasing 
rate.  The  results  discussed  in  this  section  indicate  that  a  glimpse  duration  of 
approximately  1/3  second  is  appropriate  for  essentially  all  search  conditions 
in  the  field  except  extreme  conditions  of  fog,  haze,  or  smoke.  In  the  following 
section  the  probability  of  detecting  a  simple  cir'  "lar  target  as  a  function  of  its 
contrast  with  its  surroundings  during  one  fixation  (glimpse)  is  discussed. 

Target- to- Background  Contrast 

The  apparent  contrast,  C,  of  a  target  is  defined  in  psychophysical  terms 
as  the  ratio  of  the  difference  between  the  brightness  of  the  target,  Bt,  and  its 
surroundings,  Bg,  to  the  brightness  of  the  surroundings  (Blackwell,  1946);  i.  e. , 


C  » 


» 


(8.4) 


fixation  Duration  (Sec.) 


0  10  20  30  40  50 


Angular  Subtense  of  Field  of  View  Degrees 

Fig.  11. --Fixation  Duration  as  a  Function  of  the  Size  of  the  Display 
Taken  from  Enoch  and  Fry  (1958). 


32 

where  B(  and  B#  ere  brightnesses  as  seen  at  the  observer's  position.  Being 
the  result  of  a  sensation,  brightness  is  not  measurable.  However,  the  lumin¬ 
ance  of  the  background  and  foreground,  the  physical  counterparts  of  brightness, 
are  used  to  calculate  inherent  brightness  contrast  The  inherent  contrast  of 
the  target  C  ,  is  defined  as: 


h  ~  ^8 


(2.5) 


is  the  luminance  at  a  point  on  the  object  and  L(  is  the  lumlnanoe  at 
a  point  on  the  surface  surrounding  the  object,  both  measured  at- the  target 
The  apparent  contrast  C,  is  that  contrast  actually  seen  by  the  observer.  It  is 
usually  less  than  Cq  because  the  particles  in  the  atmosphere  between  fee  ob¬ 
server  and  target  attenuate  some  of  the  contrast  by  scattering  and  abeorbtlon. 

«• 

This  degradation  in  contrast,  which  is  a  function  of  the  atmospheric  conditions 
(fog,  smoke,  haze,  etc. )  and  the  target- to- observer  range,  is  discussed  in 
Chapter  3. 

In  the  detection  literature,  the  contrast  that  is  usually  mentioned  i u  that 
apparent  contrast  which  results  in  s  50  percent  probability  of  detection.  This 
is  known  as  the  threshold  contrast,  C^.  Blackwell  (1946)  conducted  an  extensive 
study  to  determine  the  effect  of  target  size  and  background  brightness  on  the 
contrast  threshold  of  targets  exposed  to  the  observer  for  1/3  second.  Taylor, 
(1960a,  1960b)  extended  Blackwell's  work  to  larger  targets.  Their  data,  shown 
in  Figure  12  apply  only  to  circular  targets  viewed  against  a  background  of 


uniform  luminance. 
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TABLE  2 

CONTRAST  THRESHOLD  FOR  DIFFERENT  SIZE  TARGETS  AS  A  FUNCTION 
OF  THE  ANGULAR  DISTANCE  OF  THE  TARGET  FROM  THE 
FIXATION  DIRECTION  ACCORDING  TO  TAYLOR  (1961) 


1 - 

Degrees  from  fix- 

stlon  direction 

Target  Size  (minutes  of  arc) 

100 

1.74 

-  - 

3.60 

15.0 

120.0 

0 

0.530 

0.196 

0.0488 

0.0162 

0.0078 

1.16 

0.771 

- 

0.07  03 

0.0214 

0.00921 

2.50 

1.39 

0.386 

0.0960 

0.0140 

- 

5.00 

2.75 

■ 

0.218 

mSSm 

0.0121 

7.60 

3.T2 

1 

0.278 

IS22I 

0.0127 

10.00 

4.55 

. 

0.333 

0.0135 

12.00 

5,73 

0.546 

■ 

0.0154 
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where  o  is  the  standard  deviation  of  the  normal  ogive.  D iridic*  the  numerator 
and  denominator  of  the  argument  of  t  in  equation  2. 7  by  the  contrast  threshold, 
the  single-glimpse  detection  probability,  g.  becomes: 


*  *  * 


f  c/c~l 

Ct 
o/n 


\ 


J 


(*.3) 


BUskwell  (1963)  suggests  that  the  ratio  a/C^  in  equation  2. 8,  remains 
constant  regardless  of  the  time  the  target  is  exposed,  the  six#  of  the  target, 
and  the  background  luminance.  Data  presented  in  Blackwell  (1983)  are  dis¬ 
missed  below  to  illustrate  the  effect  of  target- scans  variables  (stimulus 
conditions)  on  the  ratio  o/Ct. 


Effect  of  Target-Scene  Variables  on  the  Ratio  o/C^ 

The  effect  of  target  size,  target  shape,  and  background  luminance  (adaption 
brightness)  on  the  ratio  o/Ct  has  been  studied  by  several  experimenters  (Black- 
well,  1963).  Results  from  oxporlmenta  discussed  in  Blackwell  (1963)  illustrating 
the  effect  of  target-scene  variables  on  o/Ct  are  discussed  in  the  following  three 
sections. 

Background  Luminance 

Data  given  in  Blackwell  (1963),  taken  from  a  study  by  Blackwell  and  law 


(1966)  indicate  that  the  ratio  o/Ct  increases  as  the  background  luminance 
decreases.  For  a  constant  exposure  time  of  0. 01  seocsu  and  target  diameters 
of  one  to  46  minutes  of  arc,  the  ratio  o/C|  varied  as  ahewn  in  Figure  13. 


Taylor  (1961)  suggests  that  the  contrast  threshold  changes  with  the  retinal 


position  of  the  object  in  the  field  of  view.  The  results  of  this  study*  given  in 
Table  2,  indicate  that  the  threshold  contrast  Increases  as  the  location  of  the 
target  from  the  point  of  fixation  increases.  This  implies  that  the  probability  of 
detecting  a  target  in  the  periphery  is  less  than  die  probability  of  detecting  the 
same  target  when  the  fixation  is  located  directly  on  the  target 

Blackwell  (1946)  and  Duntley  (1964)  demonstrate  that  for  these  simple 
(circular)  targets  of  uniform  luminance  viewed  against  backgrounds  of  uniform 
luminance,  targets  of  equal  contrast  brighter  and  darker  than  their  background 
are  equal  In  detectability.  It  is  customary  to  refer  to  targets  brighter  than 
their  background  as  having  positive  contrast,  and  targets  darker  than  their 
background  as  having  a  negative  contrast  Most  often  the  sign  of  the  apparent 
contrast  Is  ignored  (Duntley,  1964),  so  that  equation  2. 4  becomes 
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where 


is  the  absolute  value  of  the  quantity 


B 


s 


Blackwell  (1963)  suggests  that  the  detection  probability  of  a  circular 


object  with  apparent  contrast,  C,  Is  given  by 


K 


(*.7) 
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Prom  Figure  13*  it  appears  that  the  ratio  o/C^  is  a  constant  0. 44  at  low  back¬ 
ground  luminance  and  decreases  as  background  luminances  increases  (above 
1  foot  candle). 

J&XetSUe. 

Blackwell  (1963)  also  demonstrates  the  effect  of  target  sise  on  the  ratio. 
Data  taken  from  experiments  by  Blackwell  and  Austin  (1962)  and  Kristofferson 
and  Blackwell  (1958)  is  given  In  Table  3.  From  Table  3,  it  can  be  seen  that 
the  ratio  o/ for  targets  of  varying  size  viewed  for  0. 001  second  at  zero 
background  intensity  varies  without  pattern  between  0. 308  and  0. 40^  These 
data,  taken  from  Blackwell  and  Austin  (1961),  indicate  that  target  sise  has  a 
nadom  effect  on  the  ratio  at  this  background  luminance  and  exposure  time. 

ItM  data  given  in  the  second  column  of  Table  3  also  illustrate  this  random 
effect  These  data,  taken  from  Kristofferson  and  Blackwell  (1969),  are  for  a 
background  luminance  of  10  foot- lam  be  rts  and  exposure  duration  of  0, 91  second. 
I«Ift8hape 


Data  given  in  Blackwell  (1963)  indicate  that  the  ratio  a/Ct  remains 


essentially  constant  for  different  target  shapes.  Ratios  of  a/ Ct  are  given  for 
circles,  rectangles,  and  complex  forms.  These  data,  reproduced  in  Table  4, 
are  taken  from  studies  by  Kristofferson  and  Blackwell  (1969)  and  Blackwell  and 
Smith  (1959).  Target  sizes,  exposure  times,  and  background  luminance  were 
different  for  the  two  studies.  From  Table  4,  it  can  be  seen  that  target  shape 
(for  those  shapes  studied)  has  little  effect  on  the  ratio.  The  data  also  indicate, 
aa  did  the  data  of  Figure  13,  that  the  ratio  o/C^  increases  as  background 
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TABLE  3 

EFFECT  OF  TARGET  SIZE  ON  THE  RATIO  o/ 
AS  GIVEN  IN  BLACKWELL  (1963) 


Target  Diameter 
(min.) 


From  Blackwell  and 
Austin  (1962)  o/q. 
o/ Ct 


.367 

.402 

.308 

0.372 

0.372 

0.311 

0.346 


From  Kriatofferson 
and  Blackwell  (1958) 

o/Ct 


0.286 

0.338 

0-308 

0.330 

0.340 

0.308 

0.346 


MEAN  =  0.364 


MEAN  »  0.322 


Exposure  time 


0.001  second 


0.01  second 


Background  Luminance 


10  foot-lamberts 
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TABLE  4 


EFFECT  OF  TARGET  SHAPE  ON  THE  RATIO  a/ Ct 
AS  GIVEN  IN  BLACKWELL  (1963) 


Shape 

From  Kristofferson  and 
Blackwell  (1968) 
a/Ct 

From  Kristotferson 
and  Smith  (1959) 
o/Ct 

Circles 

.322 

.527 

Rectangles 

.303 

.547 

Complex  Forms 

i 

.289 

.484 

MEAN  =  0.305 

MEAN -0.519 

Exposure  Time 

0.01  second 

0.01  second 

Background  Luminance  10  foot-lam  berts 


zero 


I  -  Background  Luminance 


Effect  of  Background  Luminance  on  the  Ratio  o/( 
For  a  Constant  Expoeure  Time  of  .01  Second. 


luminance  decrease!  for  constant  exposure  time  for  target!  having  shapes 
other  than  circular. 

Ae  effect  of  randomized  target  sizes,  exposure  times,  and  background 
lumlnanoe  on  the  ratio  a/C^  was  Inveeti gated  by  Blackwell  and  McCready  (1958). 
Data  given  by  Blackwell  and  McCready,  reproduced  in  Tables ,  indicate  that 
a  typical  value  of  o/C^  of  0. 390  can  be  used  for  moct  stimulus  coalitions  of 
interest  These  data  are  based  on  80, 000  observations  obtained  from  four  ob¬ 


servers. 

Examination  of  the  data  presented  In  Blackwell  (1963)  suggests  diet  the 
ratio  o/C^  varies  very  little  over  all  the  stimulus  conditions  investigated. 
Blackwell  calculated  the  ratio  of  o/t^  for  36  observers,  representing  over  one 
million  data  points.  The  values  of  cA^  for  these  36  observers  are  given  in 
Table  6,  taken  from  Blackwell  (1963).  These  observations  taken  from  numer¬ 
ous  authors  represent  the  measurements  of  o/C^  for  almost  any  conceivable 
combination  of  stimulus  conditions.  From  Table  6,  It  appears  that  o/C^  varies 
randomly  between  0. 314  and  0. 584  .AX2-  goodness  of  fit  test  performed  on 
die  data  given  in  Table  6  showed  that  the  hypothesis  that  the  data  comes  from 
a  uniform  distribution  of  the  form: 


(1.9) 


where, 


a  «  .  314,  and 
b  ■  .164 

could  not  be  rejected  si  the  .  05  level. 
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TABLE  6 

VALUES  OF  a/Ct  FOR  36  OBSERVERS  AS  GIVEN  BY  BLACKWELL  (1963) 
SUMMARIZED  OVER  SEVERAL  ENVIRONMENTAL  CONDITION 


Observer  Number 

o/Ct 

Observer  Number 

o/Ct 

1 

0.490 

19 

0.320 

2 

0.479 

20 

0.470 

3 

0.418 

21 

0.556 

4 

0.448 

22 

0.550 

» 

0.467 

93 

0.392 

e 

0.491 

24 

0.401 

7 

0.467 

25 

0.466 

8 

0.463 

26 

0.584 

9 

0.548 

27 

0.519 

10 

0.370 

28 

0.400 

11 

0.434 

29 

0.409 

12 

0.411 

30 

0.467 

13 

0.430 

31 

0.429 

14 

0.494 

33 

0.480 

15 

0.368 

33 

0.390 

18 

0.396 

34 

0.347 

17 

0.360 

35 

0,314 

18 

0.352 

36 

r 

0.396 
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Maximum-likelihcod  estimates  of  the  mean  and  variance  of  the  distribution 
of  cr/C^  were  calculated.  It  was  found  that  the  mean  of  the  sample  shown  in 
Table  6  is  0. 434  and  the  variance  is  0. 0061.  Using  a  value,  (o/C^)*,  of  o/Ct 
sampled  from  the  uniform  distribution  given  in  equation  6,  dm  probability,  g, 


of  detecting  the  target  on  a  single  glimpee  becomes: 


( 


r* 


c/ct  - 1 


(o/Cj) 


(2. 10) 


Equation  2. 10  now  represents  the  single-glimpse  detsotien  probability  for  any 
observer,  based  on  a  sample  of  36  observers,  supposedly  chosen  at  random 
from  the  universe  of  observers  and  stimulus  conditions.  For  the  average 
observer,  under  randomized  stimulus  conditions,  equation  2. 10  reduces  to; 

(  C/Cx  -  1  x 


«•* 


.434 


(2. 11) 


J 


In  equation  2. 11,  the  contrast  threshold,  C^,  was  taken  under  die  most 
ideal  laboratory  conditions,  that  is,  he.,  all  stimulus  conditions  were  carefully 
controlled.  Subjects  in  die  laboratory  were  told  precisely  where  and  when  the 
Stimulus  was  to  appear,  and  were  well  practiced  in  the  detection  task  (each 
observer  had  detected  several  thousand  such  targets).  Several  investigators 
(Taylor,  1964;  Blackwell,  1958;  Blackwell,  1967)  have  suggested  that  be 
multiplied  by  a  constant,  K,  so  that  it  applies  to  field  conditions.  This  multi¬ 
plicative  constant,  often  referred  to  as  the  field  factor,  is  given  by  Taylor 
(1944)  a r. 
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where  tlx*,  kj  (  i  *  1, . . . ,  n)  are  the  multiplicative  constants  causing  the  respec¬ 
tive  difference  i  (i  *  1, . . .  ,n)  between  laboratory  and  field  conditions.  Black- 
well  (7.958)  suggests  the  use  of  three  such  as  follows: 

k  *  1. 09,  to  correct  for  lack  of  knowledge  of  target 
1  size  and  duration  of  appearance, 

k2  =  1. 31,  to  correct  for  observer  uncertainty  about  where 
the  target  is  to  appear,  and 

*s  *  2.40,  correction  made  when  necessary  to  adjust 

forced-choice  data  to  yes-no  detection  data. 5 

Taylor  (1864)  suggests  an  additional  factor,  k^  *  1. 90,  which  corrects  the 

contrast  threshold  for  the  difference  between  trained  and  naive  observers.  When 

all  four  of  these  conditions  apply , equation  2. 12  becomes: 


K-n 
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ki  • 


C*- 13) 


which  reduces  to 


K  -  6. 5. 


With  a  total  field  factor  K  »  6. 5,  equation  2. 10  corrected  for  four  differences 

6 


between  laboratory  and  field  conditions  becomes: 
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bA  comparison  of  these  types  of  data  collection  is  glvsn  in  Laweon(1958). 


^Tn  this  expression,  it  is  assumed  that  the  ittto,  s/C^  ,  where  Is  the 
contrast  threshold  under  field  oonsitions,  and  a  is  #m  standard  deviation  of  the 
normal  0  give  in  the  field,  remains  constant  s£  i.  4J4,, 
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No  additional  field  factors,  k^  (1  -  5,. . .  ,n),  have  bees  discovered  after 
aa  extensive  review  of  the  current  literature.  However,  it  la  ocnoelvable  that 


or  all  of  the  follow  irg  factors  might  ooatribuke  to  a  degradation  in  field 


performance  which  would  be  reflected  through  the  inclusion  of  additional  fiekl 
factors  in  equation  2. 14*. 

1.  Presence  of  sinilar  forms  in  the  background (c onfuaing  forme), 


2.  Othar  sccscry  clues  are  east  in  the  nataral  ewtaeatat, 


S.  Geometric  fom  of  the  target  (complex  as 
circular  targets). 


to  simple 


4.  Light  scattering  causing  the  image  to  blur,  and 

5.  Spectral  and  special  distribution  of  light  on  the  target's  surface 
(highlights  and  shadows). 

Blackwell  and  Bixel  (1949)  investigated  the  effect  of  a  complex  non- 
uniform  background  on  the  contrast  threshold  of  a  circular  target,  three 
non-uniform  backgrounds  were  used  with  targets  of  variecs  else,  lumiaenoe 
and  Vocation  in  the  background.  Two  of  the  backgrounds  were  formed  from  ball 
beamings  while  the  third  was  a  terrain  photograph.  In  general,  it  was  found 


.  .when  the  background  luminance  varied  within  the  area  occupied 
by  the  target,  it  was  the  target  contrast  with  the  lumiaenoe  at  its 

border  which  determined  target  visibility. " 

This  implies  that  the  detectability  of  aa  otydet  located  anywhere  in  a 


complex  display  having  non-uniform 


its  contrast  with  its  immediate  surroundings, 
points  over  the  entire  display. 


at  least  hs  part  by 
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The  um  of  contrast  threshold,  discussed  In  this  section,  to  predict 
object  detectability  is  diacussed  in  Chapter  3.  In  Chapter  3  die  object  is  re¬ 
presented  as  a  simple  variously  oriented  three-dimensional  object  (sphere)  so 
that  the  image  formed  by  contrasting  the  object  with  its  surroundings  can  be 
described  without  great  difficulty, 
am*  Form 

As  evidenced  in  the  preceding  discussions,  the  vast  majority  of  basic 
detection  and  recognition  data  baa  been  obtained  using  simple  (most  often 
circular)  targets  of  uniform  luminance.  This  type  of  target  is  adequately 
described  by  specifying  the  contrast  o f  the  target  with  its  background  and  its 
angular  size  (Blackwell,  1946).  However,  under  most  field  conditions,  the 
target  is  not  simple  in  shape  nor  does  it  have  uniform  luminance,  la  such 
cases,  shadows  and  highlights  within  an  object  are  strong  clues  for  detection 
and  recognition.  Therefore,  with  the  large  number  of  ways  in  which  die  rays 
from  the  illuminating  source  strike  the  variously  oriented  surfaces  of  the  target, 
there  are  a  correspondingly  infinite  number  of  sizes,  shapes,  and  patterns  an 
cbject  can  present  to  an  observer. 

Kaura  (1965)  expanded  on  the  difficulty  of  describing  this  image  when 
he  stated  that, 

"Complex  photographic,  high- resolution  radar,  infrared,  or 
electro-optical  images  have  been  the  stimuli  in  many  psycho¬ 
logical  studies  of  targst  recognition  and  photo- interpretation. 

The  comparison  or  generalization  of  the  results  of  these  studies 
has  been  almost  impossible  because  no  adequate,  objective 
definition  or  description  of  these  stimuli  has  been  possible.  An  < 
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objective  and  quantitative  measure  of  the  structure  of  an  image 
would  make  this  comparison  and  generalization  possible  ard  would 
allow  the  determination  of  the  relative  importance  of  image 
complexity  in  target  identification. " 

For  die  purpose  of  this  study,  no  attempt  will  be  made  to  accurately  describe 
the  form  of  the  target  which  acts  as  a  stimulus  for  detection,  but  several  of 
the  important  characteristics  of  a  patterned  target-background  complex  are 
discussed  below. 

Tike  ability  of  an  observer  to  discriminate  this  patterned  target  from 
elements  of  the  terrain  in  a  natural  scene  has  been  the  subject  of  considerable  **  * 
research  in  recent  years  (Wulfeck  and  Tsylor,  1961).  The  pattern  of  luminances 
which  the  target  presents  to  the  observer  must  be  recognised  as  the  object  of 
interest  or  detection  and  subsequent  recognition  by  the  observer  will  not  occur. 

The  difficulty  with  predicting  the  ability  of  an  observer  to  successfully  discrimi¬ 
nate  the  target  la  to  isolate  the  stimuli  which  initiate  the  detection  and  Identifi¬ 
cation  response.  Morris  (1969)  studied  the  effect  of  this  "target  pattern"  on 
detection  and  Idantlflcatioa.  Morris  states  that  a  target  is  patterned; 

”...  If  it  has  distinguishable  areas  of  various  size  and  reflectance, 
such  that,  as  a  whole,  the  target  cannot  be  brought  to  zero  con¬ 
trast  within  a  uniform  background  through  adjustment  of  target 
illumination. " 

This  definition  fits  targets  commonly  encountered  In  a  natural  terrain  scene,  in 
that  the  pattern  of  luminances  created  on  the  surface  of  the  target  and  its  Burropnd- 
ings  presents  an  infinite  number  of  contrasts  to  the  observer.  Morris*  also  states 

-A  » 

that  "ttie  discemable  elements  in  toe  patterned  target  may  be  considered  ss 
several  independent  targets  simultaneously  viewed,  each  with  its  own  detection 


range.  "  This  fact  la  used  In  Chapter  3  to  estimate  the  single-glimpse  prob¬ 
ability  of  the  target,  whore  areas  of  different  luminance  formed  on  a  simplified 
representation  of  the  target  are  treated  as  Independent  objects  when  contrasted 


elements  of  the  terrain  and  the  target  itself. 


The  relationship  between  complexity,  recognltisn,  and  the  number  of 
forms  competing  for  the  subject’s  attention  was  investigated  by  Deeae  (1356). 
Simple  several- sided  two-dimensional  targets  were  constructed  using; 

1.  Right  angles  (regular  forma),  and 

f.  Obtuse  and  acute  angles  (irregular  forms). 

Ths  measure  of  complexity  was  the  number  of  angles  present  in  the  form  (target), 
that  la,  a  simple  form  had  fewer  angles  present  The  background  against  which 
the  targets  were  sllouetted  were  of  uniform  luminance.  The  study  was  conducted 
with  three  levels  of  background  luminance.  A  pay  scheme  was  used  to  motivate 
the  subject  to  avoid  false  detections.  The  subject  was  severely  penalised  each 
time  an  incorrect  response  was  made.  This  minimised  the  number  of  false 
detections  which  had  to  be  eliminated  from  the  data  analysis.  The  results  of  the 
experiment  showed  that: 

1.  For  the  regular  forms,  there  were  more  recognition  errors 
with  the  simple  forms  than  with  the  complex  ones,  but  the 
time  required  to  recognise  the  target  was  slightly  longer  for 
the  complex  figures. 

2.  For  iho  irregular  forma,  there  was  no  difference  in  frequency 
of  error  between  me  simple  and  complex  targets,  but  ths  time 
required  to  recognise  the  target  waa  longer  for  the  complex 
figures. 
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These  results  indicate  that  as  the  number  of  abrupt  changes  in  the  outside  sur¬ 
faces  of  a  target  form  increases,  the  time  required  to  correctly  Identify  the 
form  Increases,  regardless  of  the  nature  of  these  changes.  Under  field  condi¬ 
tions,  this  suggests  that  a  target  having  subtle  changes  in  contour  (such  as 
csmoflage  or  shading)  would  be  more  difficult  to  identify  than  a  simple  uniform- 
luminance  target 
Image  Characteristics 

Hie  quality  and  content  of  the  image  seen  by  the  observer  greatly  effect 
his  ability  to  successfully  detect  or  identify  objects  of  interest  on  an  artifical 
laboratory  display  or  In  a  natural  environment  Rhodes  (1984)  attempted  to 
relate  selected  psychologically  meaningful  variables  taken  from  aerial  recon¬ 
naissance  photographs  to  the  difficulty  observers  had  Identifying  targets  in  the 
photographs.  In  this  study,  200  photographs  were  first  rated  by  35  photo¬ 
interpreters  on  an  arbitrary  scale  between  one  and  ten  according  to  their 
"difficulty".  These  200  photographs  were  then  divided  into  two  groups  of  100 
each  having  equal  difficulty  as  measured  by  the  arbitrary  scale  of  the  raters 
who  screened  them.  Typical  target  types  contained  in  the  photos  were: 

1.  Bridge, 

2.  Storage  tank(s), 

3.  Planefs), 

4.  Dam, 

5.  Roundhouse, 
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6.  Ship<«), 

7.  Buildings),  and 

8.  Others 

The  experiment  waa  divided  into  two  phases.  In  phase  one,  20  subjects 
were  required  to  detect  and  identify  targets  of  various  shapes  and  sizes  from 
each  of  100  photographs  after  they  had  examined  a  7/16"  reproduction  of  it  In 
the  other  phase,  20  other  subjects  were  asked  to  rate  the  same  100  images  on  a 
scale  from  one  to  seven  according  to  how  strongly  they  felt  the  image  had  the 
following  subjective  characteristics: 

a.  Frequency  of  occurrence  in  the  picture  of  objects  that  could  be 
confused  with  the  target 

b.  Distinctiveness  of  the  target  shape,  that  is,  how  much  the  target 
stands  out  because  of  its  shape. 

c.  Amount  and  variety  at  picture  detail. 

<L  Distinctiveness  of  the  target  contrasts,  i.  e. ,  bow  much  the 
target  stands  out  because  of  its  lightness  or  darkness. 

e.  Size  of  target  relative  to  size  of  other  objects  in  the  picture. 

f.  Freedom  of  target  location,  that  is,  the  extent  to  which  the 
nature  of  the  target  allows  it  to  be  looated  anywhere  in  picture 
(e.  g. ,  building  has  more  freedom  than  bridge). 

g.  Homogeneity  of  picture  content  (excluding  target). 

h.  Overall  picture  contrast,  that  is,  the  range  of  black-white 
gradation. 


7  The  7/16"  size  was  used  since  it  was  approximately  the  average  size  of 
all  objects  viewed  by  the  subject  This  aizs  reproduction  was  shown  to  all  sub¬ 
jects.  It  was  felt  that  a  reproduction  of  exactly  the  same  size  would  aid  the  sub¬ 
jects  too  much. 
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i.  Isolation  of  the  target  from  background. 

J.  Distinctiveness  of  the  target  pattern,  that  is,  how  much  the  target 
stands  out  because  of  arrangement,  detail  and  texture  of  its  elements. 

k.  Sharpness  or  clarity  of  picture  detail. 

l.  Distinctiveness  of  target  size,  that  is,  how  much  the  target  stands 
out  because  of  its  size. 

la  addition  to  these  twelve  subjective  measures  of  the  difficulty  of  the 
image  the  physical  size  in  centimeters  (m)  and  distance  of  the  target  from  the 
display  center  (in  centimeters)  (n)  were  measured. 

Following  the  collection  of  phase-one  and  two  data  for  the  first  set  of  100 
photographs,  the  roles  of  the  two  sets  of  subjects  were  reversed,  that  is,  the 
20  subjects  who  subjectively  rated  the  first  group  of  100  photos,  participated  in 
the  detection  phase  for  the  second  group  of  100  photographs  and  those  20  subjects 
who  detected  from  the  first  group  rated  for  the  second  group.  Subjects  con- 

g 

slated  of  20  trained  photo-interpreters  and  untrained  20  college  students. 

Rhodes  then  attempted  to  relate  the  14  measures  (a,  . . . ,  n)  of  the  images 
content  and  quality  mentioned  previously  to; 

1.  The  time  required  to  detect  and  identify  the  target  (T) ,  and 

2.  The  difficulty  scale  of  the  photograph  obtained  while  the  photos 
were  being  screened  (D) . 

8 Ten  each  of  the  photo-interpreters  and  college  students  were  assigned 
to  each  group. 
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Linear  multiple  regressions  (Hogg  and  Craig,  1960)  of  the  form 

T  =  %  +  aa  (a)  +  ctb  (h)  +  . . .  +  (^  (n)  ,  (2. 15) 

and 

D  =  a'  +  a'  (a)  +  a'  (b)  +  . . .  +  a*  (n)  ,  (2. 16) 

o  *  b  n 

where  a . a  and  a . a  are  constants  determined  from  the  values  of 

o  non 

the  variables  T,  D,  a,  b,  c,  d,  e,  f,  g,  h,  i,  j,  k,  1,  m,  and  n  ,  were  performed 
on  the  data  for  the  different  sets  of  subjects.  The  regressions  shown  in  equations 
2*15  and  2. 16  given  by  Rhodes  did  not  necessarily  include  the  effects  of  all  of  the 
14  variables  a,  . . . ,  nt  since  some  of  the  cons  talks  c %,  . . . ,  g.;j  were  forced  to 
be  aero  to  see  whether  they  were  significant  in  predicting  either  T  or  D.  Multi¬ 
ple  correlation  coefficients  for  16  such  relationships  given  by  Rhodes  ranged 
from  0.73  to  0.90,  meaning  that  up  to  81  percent  of  the  variability  in  the  data 
was  explained  by  these  14  variables . 


The  results  of  this  experiment  indicate  that  any  or  all  of  the  measures 
incorporated  by  Rhodes  affect  the  detection  time  of  targets  in  a  photographic 
display.  It  is  quite  clear  that  the  targets  contained  in  these  photographs  are  not 
physically  similar  to  those  contained  in  the  films  of  Brown  (See  Appendix  A) , 
not  only  because  of  differences  in  viewing  angle  and  target  type,  but  because  of 
target  motion  in  the  films  of  Brown.  However,  it  is  felt  that  the  characteristics 
presented  here  as  quantified  by  Rhodes  represent  a  good  summary  of  the  factors 
in  any  natural  target  scene  which  dictate  detectability  of  any  object. 


Movement  of  the  target  across  the  field  of  view  was  shown  by  Brown 
(1966)  to  be  a  significant  variable  affecting  detection  time.  Due  to  the  great 
changes  in  the  scene  carried  by  motion  of  the  target,  it  is  an  obvious  clue.  It 
would  be  hypothesised  that  these  same  differences  are  caused  by  changes  in  the 
terrain  against  which  the  target  is  silouettsd,  changing  the  apparent  contrast 
discussed  earlier  in  this  chapter.  This  hypothesis  is  discussed  in  Chapter  4. 
Because  this  contrast  changes  continually  for  a  moving  target  in  a  natural  scene, 
target  motion  is  readily  dlscernable  to  the  observer.  The  effect  of  the  target 
crossing  velocity  on  detectability  is  considered  as  a  variable  affecting  detection 
performance  in  Chapter  4. 

Conclusions 

In  this  chapter,  basic  laboratory  and  field  experiments  conducted  over 
the  past  four  decades  have  been  discussed.  Data  from  these  experiments,  when 
examined  as  a  whole ,  give  clues  to  the  detection  of  objects  in  a  complex  environ¬ 
ment,  although  each  Individual  piece  may  apply  to  only  one  specialised  segment 
of  the  entire  problem.  Using  the  experience  and  intuition  of  die  author,  these 
data  are  incorporated  in  a  model  in  Chapter  4  to  predict  the  probability  that  a 
complex  target  is  detected  in  a  natural  environment.  However,  it  must  be 
remembered  that  even  with  the  complex  development  which  is  to  follow,  the 
phenomenon  of  field  detection  has  been  simplified  to  the  point  that  it  may  no 
longer  be  valid.  Since  other  attempts  to  do  the  same  have  resulted  in  conflicting 

results,  this  must  be  regarded  as  simple  another  attempt.  This  philosophical 
problem  will  be  disc  eased  in  detail  in  Chapter  8  of  this  thesis. 


?xy  ■ 


CHAPTER  3 
TARGET  CONTRAST 

Introduction 

A  combat  vehicle  in  a  natural  terrain  setting  will  present  a  complex 
luminance  pattern  to  an  observer.  Contrast  varies  continuously  along  the  edge 
and  across  the  face  (internal  surface)  of  such  targets.  That  is,  military  targets 
are  not  usually  characterized  by  a  single  value  of  contrast  as  are  the  simple 
forms  used  in  laboratory  experiments  to  generate  relationships,  such  as  those 
in  Figure  12  of  Chapter  2,  for  predicting  the  single -glimpse  detection  probability. 
Data  on  the  single-glimpse  detection  probability  for  complex  contrast  patterns 
are  not  available.  Certain  assumptions  can  be  made,  however,  so  that  the 
relationships  of  Chapter  2  can  be  applied  to  estimate  the  single-glimpse  detect¬ 
ion  probability  for  military  vehicles  in  natural  terrain  settings.  These  assump¬ 
tions  are  based  on  the  best  evidence  available  to  the  author  on  the  detection  of 
objects  under  natural  (field)  conditions  as  opposed  to  artifical  (laboratory) 
conditions.  Since  no  significant  work  on  the  detection  of  natural  objects  in 
complex  surroundings  is  in  evidence ,  the  authors  intuition  has  played  a  major 
role  in  the  development  of  this  chapter.  The  simplifications  and  assumptions 
which  have  been  imposed  were  necessary  to  prevent  the  problem  from  growing 
without  bound.  Since  the  mechanisms  by  which  visual  information  is  integrated 
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into  perception  are  not  completely  understood  ,  the  major  results  from 
Chapter  2  serve  as  a  framework  for  a  model  of  glimpse  probability  to  be 
developed  in  this  chapter.  Following  the  development  of  the  glimpse  model, 
Chapter  4  will  be  devoted  to  a  discussion  of  a  model  of  detection  probability 
based  on  this  glimpse  model.  In  addition,  a  means  of  testing  the  validity  of  the 
model  based  on  detection-time  data  will  be  discussed. 

In  this  chapter,  the  target  is  represented  as  a  simplified  three- 
dimensional  form.  The  alcee  of  the  highlighted  and  shaded  areas  of  this  target 
representation  are  related  to  the  position  of  the  illuminating  source  and  the 
observer.  Then,  a  method  is  presented  for  predicting  the  contrasts  that  the 
highlighted  and  shaded  areas  have  with  each  other  and  with  the  background  and 
foreground,  respectively.  This  method  is  based  on  reflectance  data  collected 
for  common  background  features  (trees,  grass,  etc.)  and  for  materials  similar 
to  tank  armor.  Each  highlighted  and  shaded  area  is  regarded  as  a  separate 
visual  stimulus.  Methods  for  determining  contrast  thresholds  and  glimpse 
probabilities  for  each  area  are  proposed.  Next,  a  theoretical  relationship  is 
presented  relating  the  different  glimpse  probabilities  to  one  representative 
glimpse  probability  for  the  target. 
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Determination  of 'Apparent  Contrast 


The  inherent  contrast,  CQ,  of  a  point  source.  P,  is  defined  as 


L  -  L 
P  B 


(3.1) 


where  Lp  is  the  luminance  of  the  point  and  Lg  is  the  luminance  of  the  area 
surrounding  that  point,  i.e. ,  its  background.  Both  luminances  are  measured 
at  aero  distance  from  the  point.  If  the  point  and  its  background  are  on  the  same 
surface,  CQ,  as  given  by  3.1,  would  be  referred  to  as  inherent  internal  contrast. 
That  is,  the  inherent  internal  contrast,  Cq,  between  any  two  points  within  the 
target  with  luminance  Lj  and  L^,  respectively,  is  defined  as: 


'  VS 


Cn  *  { 


VL1 


L1  >  L2 


L1  3  L2 


L2  <  L1  * 


(3.2) 


The  inherent  contrast  of  a  point  within  a  homogeneously  illuminated  flat- 
surface  target  would  usually  be  zero  since  its  background  would  be  part  of  the 
sane  target.  Thus,  it  is  common  to  speak  of  Inherent  edge  contrast,  Cg  ,  as 

(Duntley,  1964) 
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(3.3) 


where  L^  is  the  luminance  of  a  point  on  the  edge  of  the  target  and  Lfi  is  the 
luminance  of  the  background  directly  behind  this  point  (along  the  observer's 
line  of  sight)  both  measured  at  the  target.  When  the  target  and  its  background 
both  have  uniform  luminances,  edge  contrast  is  identical  to  the  contrast  of  an 
internal  point  with  the  background.  Thus,  the  distinction  between  edge  contrast 
and  internal  contrast  is  usually  not  made  for  such  situations. 

The  apparent  contrast,  C,  of  an  object  is  related  to  its  inherent  con¬ 


trast,  CQ,  by  (Middieton,  1968), 
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where  R  is  the  target-to-observer  range  in  meters,  o  =  — -  is  the 


attenuation  coefficient  of  the  intervening  media,  and  R  is  the  meteorological 
range  in  meters.  Meteorological  Range  (Also  called  the  standard  visibility 
or  standard  visual  range)  is  defined  by  Dudel  (196?)  as 


.  .an  empirically  consistant  measure  of  the  visual  range  of  a 
target;  a  concept  developed  to  eliminate  from  consideration  the 
threshold  contrast  and  adaption  luminance,  both  of  which  vary 
from  observer  to  observer.  The  meteorological  range  Is  the 
distance  V  in  the  block  target  form  of  the  visual  range  formula, 


V  =  -  In  ~ 
a  € 


wt 

'  •&: 


Um*  On  fiwsihaM  oontrxt.  C.Uwt  equal  to  6.02,  V  1* 
odtf  *  ftmottos  of  o,  Um  extinction  coefficient  of  the  atmosphere 
at  the  time  and  place  in  question.** 

Records  of  the  variation  ia  meteorological  ratqf®,  R*,  by  hour  of  the  day  and 
month  of  the  year  for  a  given  area  can  usually  bs  obtained  from  local  weather 
stations.  A  sample  of  such  records  for  a  German  weather  station  is  given  in 
Appendix  A. 

Irregularities  in  the  surface  of  military  vehicles  cause  the  target 
to  have  a  multitude  of  inherent  contrasts  for  any  particular-  level  of  illumination. 
In  the  following  section,  the  target  is  represented  as  a  simple  three  dimensional 
form  so  that  variations  in  inherent  contrast  across  its  surface  can  be  predicted. 


Both  oombat  vehicles  and  their  backgrounds  are  far  from  being  of  uniform 

luminance.  The  pattern  of  luminances  presented  to  an  observer  is  complex  and, 

for  practical  purposes,  unpredictable.  Duntley,  (1964),  states  that: 

”The  shape  of  an  object  ia  ordinarily  of  minor  consequence 
composed  with  the  effect  of  its  angular  size." 

Based  on  this  fact,  in  this  section  the  shape  of  the  target  is  simplified  by  reducing 
the  target  area  to  a  sphere  so  that  the  analytic  geometry  involved  in  calculating 
highlighted  and  shaded  areas  is  uncomplicated.  If  this  approximation  to  the 
target  shape  were  not  made,  the  analysis  necessary  to  calculate  apparent  sizes 
of  the  target  areas  would  be  extremely  difLcult.  Precedent  for  this  simplifica¬ 
tion  is  discussed  by  RyU  (1962).  In  addition  to  the  geometry  problem,  as  is 
discussed  in  Chapter  2,  the  majority  of  detection  data  available  ia  for  circular 
target*. 
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Fig,  14.— Apparent  Size  of  a  Tank-Type  Target 
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The  variations  in  contrast  across  this  sphere’s  surface  on  readily  be  described 
in  terms  of  its  orientation  with  respect  to  the  observer,  the  Illuminating  source, 
and  features  of  the  background;  and  the  reflectance  properties  of  the  target’s  a 
surface  and  of  the  background.  The  characteristics  of  the  sphere  most  closely 
approximating  the  observer's  image  of  a  tank  in  the  field  are  developed  below. 

The  top  view  of  a  rectangular  tank-type  targst  of  length  U  height  V, 
and  width  W,  is  shown  in  Figure  14  moving  at  an  angle  Y  with  the  observer's 
line  of  sight.  Such  a  target,  when  on  levol  ground,  will  appear  as  a  rectangle 
having  a  height  V  and  longtli  U  given  by 


U  »  U  sin  Y  +  W  cos  Y 


when  viewed  from  ground  level.  The  sphere  approximating  the  rectangular 
target  will  appear  as  a  circle  to  the  observer. 

Theangular  size,  R  In  minutes  of  arc,  subtended  by  the  diameter  of 
a  circle  having1  an  area  A  equivalent  to  the  aroa  of  this  rectangle  is 


,  <3.0) 

where  R  is  Uie  distanco  to  the  target,  A  -  VUft  and  is  givon  by  equation  3.5 
Slnoe  the  probability  of  dotocting  a  rectangular  target  of  area  A  is  essentially 
equal  to  tho  probability  of  dotocting  a  circular  target  of  the  same  area, 
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Chapter  2)  ,  the  visual  angle  ft,  given  by  equation  3.1  can  he  used^n  Figure  12 
of  Chapter  2  to  determine  the  threshold  contrast  of  the  rectangular  target.  Thus , 
the  rectangular  tank -type  target  is  conceptualised  as  a  circle  whose  diameter 
ssfctends  an  angle  ft  at  Use  observer's  eye  whon  viewed  from  a  distance  R 
as  given  by  equation  36.  The  predominant  contrasts  of  this  spherical  target 
representation  with  its  background  and  foreground  are  diacuased  below. 


Under  natural  lighting  the  lower  surface  of  a  tank-type  target  and  also 
the  spherical  target  would  almost  always  be  shaded  and  some  part  of  the  top 
surface  would  be  highlighted.  Let  these  surface  areas  be  referred  to  as: 


AH  *»  the  highlighted  part  of  the  sphere's  surface  exposed  to  the 
observer,  and 


the  shaded  part  of  the  sphere's  surface  exposed  to  the 
observer. 


Five  distinct  contrast  values  can  be  obtained:  the  contrast  of  each  area  with 


the  target's  background  and  foreground  and  the  internal  contrast  existing  between 
the  areas .  According  to  arguments  presented  below,  only  three  of  diese  con¬ 
trasts: 


As  was  mentioned  earlier,  detection  data  is  best  tabulated  for  circular 
targets  of  uniform  luminance  silhouetted  against  a  uniform  luminance  background. 
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°  the  apparent  contrast  of  the  highlighted  part  of  the  object  with 
the  background, 

C  «  the  apparent  contrast  of  the  shadowed  part  of  the  object  with 
the  foreground,  and 

Cj  ■  the  apparent  internal  contrast, 
are  considered  as  being  important  to  the  detectability  of  the  target. 

There  are  two  reasons  for  not  considering  either  the  contrast  of  the  high¬ 
lighted  area,  ,  with  tho  foreground  or  the  contrast  of  the  shaded  area, 

A*  ,  with  the  background.  First,  the  foreground  will  not  appear  adjacent  to  A 

H 

sales*  the  target  is  completely  backlighted  or  in  the  shadows  cast  by  terrain 
'ft 

features  which  block  tho  sun's  rays.  Similarly,  background  features  will 
rarely  appear  adjacent  to  Ag  unless  the  targot  is  completely  frontllghtod. 
8econd,when  an  area  is  silhouetted  against  a  background  of  nonuniform 
luminance,  that  part  of  Its  area  which  has  the  highest  contrast  would 
be  moat  important  ir.  determining  its  detectability.  The  question  considered 
next  ia  how  these  throe  contrasts  oan  be  combined  to  give  one  value  of  oontrast 
which  can  be  used  to  obtain  a  single  glimpse  detection  probability  for  the  target. 

8A  procedure  to  determine  whether  or  not  the  target  is  in  the  ahadows 
cast  <f  features  in  tho  background  is  presented  later  la  this  chapter. 


According  to  our  assumptions,  the  spherical  target  will  appear  similar 
to  the  circular  targets  shown  in  Figure  15.  From  inspection  of  Figure  15 ,  it 
can  be  seen  that  as  the  relative  size  of  a  high-contrast  area  decreases  its 


Fig.  15.— Example  Illustrating  the  Importance 
of  High  Contrasts 


significance  to  the  observer  decreases  and  the  significance  of  the  edge  contrast 
increases .  This  effect  would  probably  be  even  more  prooounoed  with  more 
complex  shapes  and  nonuniform  backgrounds  where  there  may  be  many  such 
•mall  high-contrasted  areas  across  the  face  of  the  target  and  within  the  back¬ 
ground  itself.  Thus ,  to  obtain  a  single  contrast  measure  representative  of  the 
target,  it  would  seem  logical  to  combine  values  of  the  edge  and  internal  con¬ 
trasts,  redundant  and  the  relative  sixes  of  its  contrasted  area.  However,  it  is 

V 

not  clear  how  these  different  weights  should  be  determined.  For  example, 
for  targets  shown  in  Figure  15,  values  of  the  two  edge  contrasts  are  much  lower 
than  the  internal  contrast  messrusd  at  any  point  along  the  intersection  of  the 


black  and  white  areas  o*  the  target.  If  each  of  these  Values  were  weighted  evenly, 
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one  would  obtain  a  contrast  somewhere  between  the  high  internal  contrast  and 

* 

the  lower  of  the  two  edge  contrasts.  Although  it  is  clear  that  the  internal  con¬ 
trast  is  most  important  in  this  case  and  should  receive  a  greater  weight,  there 
is  no  known  methodology  for  determining  this  relative  weight.  In  the  following 

section,  the  contrasts  C„„ ,  S_„,  and  C_,  between  the  different  pairs  of  con- 

HiJ  SF  I 

treated  erase  of  the  target  and  surroundings  are  treated  as  independent  stimuli 
and  the  theoretical  glimpse  probability  for  the  whole  target. 

Estimation  of  Glimpse  Probability  for  Simplified  Target 

la  the  previous  section  the  target  was  conceptualized  as  a  spherical 
solid  presenting  three  contrasted  areas,  C^g,  Cgp,  and  Cj,  to  the  observer. 
Little  is  known  about  how  patterns  consisting  of  different  contrasted  areas 
stimulate  the  visual  system.  About  all  that  can  be  said  is  that  each  contrasted 
area  should  contribute  to  the  overall  detection  stimulus  in  proportion  to  the  in¬ 
tensity  of  its  contrast  and  the  size  of  the  contrasted  area  relative  to  the  size  of 
the  whole  pattern.  The  relative  importance  of  size  (angular  subtense)  and  in¬ 
tensity  of  contrast  in  determining  detection  probabilities  for  a  single  homo¬ 
geneous  target  is  reflected  in  the  formula  .  for  glimpse  probability,  g,  given 

in  Chapter  2,  agnation  2.l4.Thus,  instead  of  using  the  magnitude  of  each  con- 

\ 

trast,  Cjjg,  CgF,  and  Cj,  and  the  respective  sizes  of  these  contrasted  areas  to 
determine  some  average  (effective)oon trast  to  be  used,  it  is  more  reasonable  to 
treat  these  areas  as  three  distinct  targets  with  glimpse  probabilities,  gHB, 
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ggF.  and  gj.  Treating  these  targets  as  if  they  were  independent,  i.e„,  assum¬ 
ing  that  the  probability  cf  detecting  any  one  of  them  in  a  single  glimpse  is 
independent  ot  the  probability  of  detecting  any  of  the  remaining  two,  then 


g'  1  -  (1  -Ehb)  (1  -ggy)  (1  -gj).  <3. 

where  g  is  the  probability  of  detecting  at  least  one  of  the  objects  in  s  single 
glimpse. 


to  support  this  contention,  Morris  (1959),  states: 

"the  discernible  elements  of  the  patterned  target  may  be  considered 
as  several  independent  targets  simultaneously  viewed,  each  with 
its  own  detection  range" 

From  equation  2.14,  in  Chapter  2,  the  probabilities  g  ,  gc  ,  and  g  , 

HB  SF  I 

are  given  by: 


fun  ”  * 


/KCtCV}- 


m  A 

"8F 


It  c  ♦ 


{‘V®!  *V>- 


,  and 


1 

9 

m 


(3.10) 


.y  ity. 


67  W 


where  it  is  understood  that  C^,  Cspi  and  Cp  are  apparent  contrasts.9  The 

threshold  contrast,  q  (ft) ,  of  a  circular  target  whose  diameter  subtends  an 

angle,  ft  ,  at  the  observer's  eye  is  shown  sketched  in  Figure  II  of  Chapter  2 

for  different  values  of  adaption  brightness  (luminance  of  the  surrounding  area).10 

These  data  are  not  directly  usable  in  equations  3. 8,3. 9  and  3.10  since  the  pairs  of 

areas  corresponding  to  the  contrasts,  CHfi,  CgF,  and  Cj,  will  rarely  be 

circular  even  for  a  smooth -surface  spherical  target.  Thus,  ft  ,  ft  and 

H  S’ 

Or  must  be  interpreted  as  equivalent  angles.  Means  of  approximating  these 
equivalent  angles  are  given  in  the  ensuing  discussion. 

A  spherical  target  will  appear  circular  to  an  observer  with  shadowed 
and  highlighted  areas  as  shown  in  Figure  16,  depending  on  the  angle  which  the 
light  rays  strike  the  target.  Consider  the  diameter,  d  of  this  circular  area 
drawn  Parallel  to  the  sun's  rays.  This  diameter  wtU  be  partially  highlighted 

and  partially  shaded  as  illustrated  in  Figure  17.  The  fraction  PH  of  the  diameter 
^sun  highlighted  is  given  by: 


factors  10  “  2  *« 


An  accurate  tabulation  of  these  data  is  gfven  In  Bush  (1M6). 
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Fig.  16. — Examples  of  Shading  on  Simplified  Representation  of 
Target 

where  a  is  the  sun  zenith  angle  and  6  is  the  azimuth  angle  of  the  observer's 
path  of  sight  relative  to  the  sun^  Methods  for  computing  the  highlighted  sur¬ 
face  area  of  spherical  targets,  such  as  shown  in  Figure  16  ,  are  very  complex. 

It  is  assumed  that  the  highlighted  area  can  be  useful  approximated  by  the  area  of 
the  highlighted  segment  shown  cross-hatched  in  Figure  17;  an  expression  for  this 
area  is  given  below: 
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d2  sin  {180°  +  2  sin"1  (cos  6  cos  (90 -a))) 
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(0  s  PH  s  0.5) 


7ttf2  d2  sin  {180°  -  2 sin"1  (cos  (90 -a)  cos 5)} 
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(3.12) 

(0.5  -  PH  —  1.0) 
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The  angles,  a  and 


5,  arc  discussed  later  in  this  chapter. 
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and, 
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fTTd  7rd  +d  sin  {180  +  2  sin  (cos  5  cos  (90 -a))  ?  (0<p  sq  5) 
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where  d  =  d8un  is  given  by. 
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The  angles ,  ft  and  SI  ,  subtended  by  the  diameters  of  circular  objects 
If  O 

having  areas  A  and  Ac  ,  respectively,  can  be  calculated  using  equation  3 .6. 

In  tlie  case  of  the  internal  contrast,  C^,  it  is  assumed  that  the  larger  of 

the  two  areas,  A,,  and  Ac  ,  is  the  background  against  which  the  other  area 
It  & 


is  silhouetted.  Thus,  the  angular  subtense  ft^  of  the  object  having  a  contrast 

Cj  is 
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Fig.  17. — Highlighted  and  Shaded  Parts  of  the  Diameter  In  the  Plane 
Normal  to  the  Observer’s  Line  of  Sight  Formed  by  the  Inter¬ 
section  of  the  Sun's  Rays  with  the  Target's  Center 
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The  angular  subtenses  SI  ,  fl_  ,  and  SI  ,  then,  are  used  to  determine  the 

Ho  1 

single  glimpse  probabilities  given  in  equations  3.9,  3.10,  and  3.11. 

The  apparent  contrasts  ,  Cg  ,  and  Cj,  arc  dependent  on  the  in¬ 
herent  luminances  of  the  foreground  and  background  features ,  and  of  the  shaded 
and  highlighted  parts  of  the  target.  A  means  of  predicting  the  luminances  of 
the  target's  surfaces  and  its  surroundings  is  discussed  below. 

Luminance  Prediction 

The  inherent  luminance,  L,  of  a  surface  depends  on  its  directional 
reflectance,  p,  and  the  illumination,  I,  striking  that  surface.  The  directional 
refloctance,  p,  of  a  surface  is  defined  by  Gordon  (1964)  as:  ".  .  .  the  ratio  of 
Inherent  luminance  in  the  direction  of  the  specified  path  oi  sight  to  the  total 
illuminance  on  a  fully  exposed  horizontal  plane  at  ground  level.”  That  is, 

L  «  pi  ,  (3.14) 

where  P  is  a  function  of  llie  impinging  light's  incidence  angle  for  direct  illumina¬ 
tion  and  the  distribution  of  incidence  angles  for  indirect  {Humiliation , 

Brown  (1952)  has  determined  the  total  illumination,  in  footcandles,  for 
an  unobscured  sun  as  a  function  of  the  sun  zenith  angle  a.  These  data  are 

reproduced  in  Figure  18  .  As  shown  in  this  figure,  the  illumination  when  the 
aun  is  at  the  horizon  (sun  zenith  angle  90°)  is  approximately  70  footcandles, 
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while,  when  the  sun  is  directly  overhead  (zenith  angle  0°),  the  illumination  is 
approximately  1 0,000  footcandles. 

The  directional  reflectance,  p,  of  a  surface  la  a  function  of  the  azimuth 

angle,  6,  of  the  path  of  sight  relative  to  the  sun,  the  zenith  angle,  4>,  of  the  path 

of  sight,  the  wavelength  of  the  impinging  light  rays,  the  surface  roughness,  the 

atmospheric  conditions,  the  sun  zenith  angle,  a,  and  the  sun  azimuth  angle,  0 
12 

(Gordon,  1964).  The  angles  a  and  0,  which  describe  the  position  of  the  sun 
In  the  sky  are  illustrated  in  Figure  19  .  The  angles  6  and  +  which  describe 
the  position  of  the  observer  relative  to  the  sun  and  target,  respectively,  are 

illustrated  in  Figure  19  .  In  Figure  19  the  target  is  assumed  to  be  at  ground 

i 

level,  while  the  observer  can  be  considered  either  elevated  ft 0)  or  at 
ground  level  ft  =  0) . 

Scripps  Institute  of  Oceanography  (Gordon,  19C4;  Boileau  and  Gordon, 
1965;  Gordon  and  Church,  1966)  has  measured  the  directional  reflectance  of 
several  common  background  surfaces  for  various  values  of  the  angles  a,  ft » 
and  6.  These  measurements  are  in  Tables  B.  1,B.  2,  and  B,  3  of  Appendix  B,  The 
greatest  amount  of  data  are  for  an  unobscured  sun  at  a  zenith  angle  of  40  to  45 
degrees.  The  sources  of  those  data  were  contacted  and  data  for  other  sun  angles 
and  weather  conditions  other  than  a  clear  sky  were  found  to  be  unavailable. 


1^'his  functional  form  is  not  known,  so  empirical  measurements  of 
these  conditions  had  to  be  used. 
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Fig.  18. — Natural  Illumination  Levels  (Adapted  from  Brown,  1952) 
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The  effect  of  the  sun  position  and  meteorological  conditions  on  surface  reflectance 
is  discussed  in  Appendix  B.  The  use  of  the  data  of  Table  B.3of  Appendix  B  for 
predicting  the  luminance  of  terrain  features  is  discussed  in  the  next  section. 

Luminance  of  Terrain  Features 

The  luminances  of  terrain  features  directly  behind  and  in  front  of  the 
target,  i.e. ,  in  its  background  anu  foreground,  are  required  to  determine  the 
contrast  of  different  areas  on  the  target.  First,  the  location  of  the  target 
relative  to  the  sun  and  the  observer,  and  the  directional  reflectances  of  the 
background  and  foreground  features  along  the  observer's  line  of  sight  to  the 
target  must  be  determined  The  steps  necessary  to  determine  the  luminances 
of  terrain  features  in  the  target's  foreground  and  background,  are  outlined  in 
the  flow  chart  shown  in  Figure  20.  The  data  required  ^.s  input  to  the  calcula¬ 
tions  appearing  in  this  flow  chart  are:  \  ; 

1.  the  target's  coordinates ,  (Xt,  Y^,  ZJ, 

2.  the  observer's  coordinates,  (X  ,  Y  ,  Z  ), 

o  o  o' 

3.  the  sun  azimuth  angle,  (3, 

4.  the  location  of  the  different  terrain  features  on  the  battlefield, 
such  as  meadows,  grass,  trees,  and  roads,  and. 

5.  typical  horizon  sky  luminances,  such  as  those  given  in  Table  7  , 
taken  from  Duntlcy  ( 1  C*1G ;  1948).  A  value  for  sky  luminance  would 
be  determined  before  each  DYNTACS  run  and  used  throughout  the 
battle . 


As  indicated  in  Figure  20,  the  directional  reflectance,  p,  of  the  back¬ 
ground  feature*  whose  luminance  is  to  be  calculated  from  equation  3. 14  can  be 


'<-£’  *»?•*.  T^©°r  %» ’; 
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TABLE  7 

HORIZON  SKY  LUMINANCES 
(not  a  function  of  location  of  the  illuminating  source) 


Description 

Luminance  (ft-L) 

Full  daylight 

1000 

Overcast  sky 

100 

Very  dark  day 

10 

Twilight 

1 

Deep  twilight 

10"1 

Full  moon 

10“2 

Quarter  moon 

10“3 

Starlight 

10"4 

Overcast  starlight 

10"5 

determined  from  Table  B.3of  Appendix  B  given  the  azimuth  angle,  6,  of  the  path 
of  sight  relative  to  the  sun  and  the  zenith  angle,  4» ,  of  the  path  of  sight.  Thus, 
the  luminance,  L,  at  a  point  on  the  surface  of  a  terrain  feature  exposed  to  direct 
sunlight  is  determined  from  the  sun's  direct  illumination  level,  1^  ,  by 

L  =  PID  .  (3.15) 


where  1^  is  given  as  a  function  of  the  sun  zenith  angle  in  Figure  18,  and  the  re¬ 
flectance,  p,  of  the  terrain  feature  can  be  determined  from  Table  B.3of 
Appendix  B  .  Since  the  data  on  the  directional  reflectance  of  terrain  features 
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exposed  to  indirect  illumination  (in  shadows)  arc  not  availablo,  U  must  be  assumed 

$ 

that  the  data  of  Appendix  D  apply  to  both  directly  and  indirectly  illuminated  sur- 
13 

faces. 


Thus,  the  inherent  luminance,  L,  at  a  point  on  a  surface  of  a  terrain 
feature  exposed  to  indirect  illumination  is  calculated  from 


L  - 


(3. 16) 


where  p  is  read  from  Table  9A  ol  Appendix  B,  and  Ig  is  the  indirect  illumina¬ 
tion  from  the  sun.  Equation 3.16  can  be  written  as 


L  “  SrXDP  (3.17) 

14 

where  S ^  is  the  ratio  of  indirect  to  direct  illumination  from  the  sun.  A 
graph,  prepared  from  data  given  by  Brown  (1952),  of  the  ratio  versus  the 
sun  zenith  angle  a  is  given  in  Figure  21, 

Methodology  for  determining  whether  a  target  or  its  background  (or  both) 
are  in  shadows  and  the  effect  of  such  shadows  on  the  single  glimpse  detection 
probability  are  discussed  later  in  this  chapter.  The  following  section  describes 
how  targct-to-background  contrasts  are  determined  given  the  illuminances  of 
background  and  foreground  features. 


13This  assumption  was  discussed  with  Miss  J.  Gordon  of  the  Scripps 
Institute  of  Oceanography.  She  agreed  with  the  authors  suppositions. 

^Direct  Illumination  includes  both  illumination  from  the  illuminating 
source  directly  and  the  indirect(prevailing)  ilhimination.  Indirect  Illumination 
is  only  the  prevailing  part  of  the  illumination  from  the  source. 


Idea..  Jnesj*'?- 


Tayget-to-Baohiiround  Contrast 


Once  the  luminance  of  background  and  foreground  terrain  features  are 

calculated,  the  inht  nt  contrasts,  C^,  C^,  and  can  be  determined 

from  equation  3.3  providing  the  luminances  Ljj  and  Lg  of  the  highlighted  and 

shaded  ports  of  the  target,  respectively,  can  be  specified.  Then  the  apparent 

contrasts,  C  ,  C  ,  and  C  ,  can  be  determined  from  C  ,  C  ,  and 
HB  *  HB0  SFq 

C.  using  equation 
*o 

The  Inherent  luminance,  L  ,  of  a  point  on  the  highlighted  part  of  the 

H 

target  is  given  by 


h.  ’  V«  • 


<3.18) 


where  ID  is  the  illumination  from  the  sun  on  the  highlighted  surface  and 
is  the  reflectance  of  the  surface  at  that  point.  Similarly,  the  inherent 
luminance,  Lg,  at  any  point  on  the  shaded  part  of  the  target  i3 


Ls  ~  sr!dps  ’ 


(3.19) 


where  p  is  the  directional  reflectance  of  the  target  when  indirectly  illuminated 

O 

and  Sjg  is  given  in  Figure 

The  surfaces  of  combat  vehicles  are  quite  different  than  those  of 
components  of  the  terrain.  Because  of  the  special  nature  of  the  finish }high~ 
lights  and  shadows  are  created  when  illuminated  by  a  source  such  as  the  sun. 
Duntley  (1964)  exp  lams  that; 


■  W-,  w.  ),  ^  ,.w..  .  v.„  ,  ,  ,  „„  ^ 
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"Man-made  surfaces  invariably  exhibit  pronounced  gloss  characteristics, 
particdlarly  when  the  solar  zenith  angle  exceeds  60°" 

Because  of  the  complex  nature  of  the  targets  surface  this  is  certainly  not  an 

uncommon  event.  For  this  reason,  unlike  the  surface  of  terrain  features,  the 

reflectance  of  surfaces  highlighted  and  shaded  are  considered  to  have  different 

reflectances. 

Gordon  (1964)  measured  the  directional  reflectance  of  variously  oriented 
surfaces  of  an  olive  drab  painted  object  Cor  a  aim  zenith  angle  of  .approximately 
40°.  Most  values  ranged  from  0. 10  to  0.26  but  readings  as  low  as  0.01  and  as 
high  as  0.490  were  recorded.  Values  of  0. 10  and  0.26  were  chosen  to  bo 
representative  of  the  reflectance  of  shaded  and  highlighted  surfaces,  respectively; 
that  is,  it  is  assumed  that  Pg  =  0.10  and  PH  =  0.26.  For  these  values  of  re¬ 
flectance,  the  luminances  of  the  highlighted  and  shaded  parts  of  the  target  arc 

L11  =  '2G  *D  (3- 2 3 

and 

Ls  -  .lO^  ,  (3.21) 

respectively.  The  luminances  of  the  highlighted  and  shaded  paiis  of  the  target's 
surface,  as  calculated  above,  are  used  to  determine  the  inherent  contrasts, 
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C„_  ,  C  ,  and  C  ,  of  the  target's  surface  with  its  surroundings ,  as  out- 
H130  SF0  \> 


lined  below. 


Acoording  to  equations  3. 20  and  3. 21«  the  inherent  internal  contrast,  C^, 


is  given  by 


•“VW-10* 

Wr(.io) 


(3.22) 


which  reduces  to 


™)  -1 
SR  / 


(3.23) 


The  inherent  edge  contrasts,  C  and  C  ,  are  given  by 

HBo 


(3.24) 


L  -  L 

P  _  S  F 
SFo  '  I*  ’ 


(S.25) 


where  and  Lg,  the  luminances  of  the  highlighted  and  shaded  parts  of  the 
target,  are  given  by  equations  3 . 20  and  3. 21,  respectively,  and  means  for  de¬ 
termining  the  luminance's  L  and  L  of  the  background  and  foreground  for 

B  F 


both  direct  and  indirect  Illumination  were  discussed  earlier  in  thie  chapter 
(see  equations  3. 15  ami  3.1?k  It  should  be  noted  that  when  the  target  and  its  back¬ 
ground  (or  foreground)  are  subject  to  the  same  illumination,  i.e. ,  either  direct 

or  indirect,  the  edge  contrasts  C„,,  and  Cet,  reduce  to  the  ratio  of  the 

nB0  or0 

difference  in  the  reflectances  of  the  target  and  the  terrain  feature  to  the  re¬ 
flectance  of  the  terrain  feature.  That  is,  tf  p  is  the  reflectance  of  the  back- 

B 

ground  and  p  is  die  reflectance  of  the  foreground,  we  have 

r 


p  -  p 
n  B 


p  -  p 
S  F 


where  p„  and  p  are  the  directional  reflectances  of  the  highlighted  and  shaded 

parts  of  the  target,  respectively.  Thus,  as  a  result  of  our  assumption  that  the 

data  of  TablcB.3of  Appendix  B  can  be  used  for  either  directly  or  indirectly 

illuminated  foaturcs ,  the  reflectances  Pg  and  Pp  of  these  features  as  well  aa 

the  contrasts  Cut>  and  Cat?  will  bo  the  #wne  for  direct  and  indirect  Alumina- 
HB0  oF0 

tion.  However,  Ghadows,  which  causo  tho  target  to  bo  indirectly  illuminated, 

still  affect  the  single  glimpse  detection  probabAitiwr,  and  ggF,  as  pointed 
out  In  the  following  section. 
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Effect  of  Shadows 

As  the  sun  2enlth  angle  changes ,  shadows  are  created  on  the  surfaces 
of  the  terrain  features  facing  away  from  the  sun  as  shown  in  Figure  22.  These 
shadows  may  cover  the  target  if  it  is  close  to  the  feature,  or  serve  as  the  back¬ 
ground  for  the  target  if  it  is  not  close  to  the  feature. 

To  determine  whether  a  target  is  within  a  shadow  created  by  a  terrain 
feature,  such  as  a  forest,  a  line  is  extended  from  the  target  to  the  sun.  If 
this  line  intersects  some  part  of  a  terrain  feature,  it  is  assumed  that  the  target 
la  in  the  shadow  of  that  feature.  In  such  cases,  neither  the  target  nor  its  back¬ 
ground  and  foreground  are  directly  illuminated  by  the  sun.  As  pointed  out  in 
the  previous  section,  the  assumption  that  the  reflectance  values  given  in  Table 
of  Appendix  B  hold  under  indirect  as  well  as  direct  illumination  implies  that  a 
target  in  the  shadow  of  a  feature  will  have  the  same  contrast  as  a  target  in  the  same 
location  when  it  and  its  background  are  both  illuminated  directly  by  the  sun 
(see  equation  3.$,  However,  tills  assumption  does  not  imply  that  the  single¬ 
glimpse  detection  probability  for  a  target  locuted  in  a  shaded  area  is  the  same  as 
that  for  a  target  exposed  to  full  sunlight.  As  can  be  seen  from  cquationsS.  8, 3.9 
and3JD  the  single-glimpse  dotcctlon  probability  for  two  tai'gets  of  equal  contrast 
will  vary  with  the  relative  magnitudes  of  their  threshold  contrasts  C^H).  The 


threshold  contrast,  in  turn,  depends  on  the  iuminanco  of  the  background  (see 


Figure  12  ol  pwspeet  2).  For  background*  exposed  to  direct  illumination,  this 
luminance  i.f  dcutrntJMsd  from  equation  3.15  whereas  for  indirec*  illumination 
thin  luminance  Is  given  by  equation  3,17. 

Shadows  aleo  can  affect  the  glimpse  probability  g^g  without  actually 
covering  the  target  by  changing  the  luminance  of  the  background  against  which 
the  target  is  silhouetted.  To  determine  if  the  target's  background  is  shaded 
(in  a  computer  simulation) ,  a  line  of  sight  through  the  target  Is  extended  until 
it  intersects  some  point  on  the  terrain,  and,  then,  a  line  is  extended  from  that 
point  to  the  sun.  If  this  latter  line  intersects  some  point  of  a  terrain  feature 
within  the  bounds  of  the  combat  area,  the  target's  background  is  considered 
to  be  shaded.  Then,  the  luminance  used  in  equation  3.24  to  calculate  the 
contrast  of  a  target  silhouetted  against  a  shaded  surface  of  a  terrain  feature  is 
calculated  using  equation  3.17. 

Discussion 

More  realistic  predictions  of  glimpse  probabilities  could  be  made  by 
improving  the  description  of  the  luminance  properties  of  background  and  fore¬ 
ground  features.  For  example,  substantial  improvements  could  be  made  if 
directional  reflectance  data  could  be  obtained  for: 

1.  a  wider  variety  of  environmental  factors  such  as  meteorological 
visibility  and  cloud  cover, 

2.  sun  KOrJth  angiee  other  than  45°, 
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8.  a  wider  range  of  the  angle*  %'  and  $  , 

•  t 

4.  various  degrees  of  shading ,  and 

5.  ambient  light  levels  aa&wiated  with  twilight  or  nighttime. 

Ia  Addition,  description*  of  target  luminance  patterns  could  be  improved  by  the 
collection  of  reflectance  data  for  various  orientated  surfaces  of  the  different 


material*  commonly  used  to  make  tank  armor. 

Luminance  measurement*  at  various  points  on  tank  vehicles  were 
taken  by  Ballistic  Research  Laboratories  (Downs ,  et  al. .  1965)  under  a  variety 
of  meteorological  conditions.  These  raw  data,  are  in  the  form  of  continuous 
graphs  of  surface  luminance  at  constant  distance  positions  along  the  tank  as 
shown  in  Figure  22.  In  this  figure,  luminance  is  measured  at  each  trace 
along  the  x-axia.  However,  reduction  of  these  data  into  a  usable  form  could 
not  be  accomplished  within  the  scope  of  this  effort.  Further  study  and  analysis 
of  the  BRL  data  would  result  in  more  realistic  estimates  of  the  following 
quantities  used  in  this  chapter: 


1.  the  luminance  of  variously  highlighted  and  shaded  surfaces  under 
different  meteorological  conditions  including  different  sun  positions, 
and  various  levels  of  meteorological  visibility,  and 


2.  the  fraction  of  a  tank  highlighted  and  shaded  for  various  sun  positions. 
In  addition,  analysis  of  the  BRL  data  could  provide  the  information  required  to 
develop  methods  for  estimating  the  effect  of  cloud  cover  on  target  contrast  and 

detection. 
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Additional  realism  could  be  gained  by  introducing  the  probability  and 
effect  of  e  loud  cover  intv  the  detection  model.  When  clouds  pass  between  the 
sun  and  '  urgit,  as  in  the  ease  of  a  target  located  in  the  shadow  of  a  terrain 
feature,  glm  (>u  delet  lion  probability  is  reduced  because  ot  a  general 

reduction  »n  the  overall  luminance  of  the  scene.  The  luminance,  L^,  of  the 
backgio'i-  >!  .  an  be  tabulated,  as  indicated  by  equations.  12  from 


'  B  ’  V 


where  o  would  bo  taken  liom  Table  B.  3  of  Appendix  Band  the  illumination,  I, 
striking  the  ground  when  (!>•  ,-un  is  obscured  by  a  cloud  is  given  in  Figure  24. 

Th<  probability  S\.  that  a  cloud -free  line  of  siglit  exists  between  a  target 
and  the  sun  has  been  estimated  by  the  Air  Weather  Service  (19G5),  as  a  function 
of  the  sun  zenith  angle  a  ,  for  different  values  of  the  mean  total  percent  cloud 
cover.  This  probability  is  given  in  Figure  25.  The  probability,  J-Pg,lUat  the 

target  and  its  immediate  surroundings  are  shaded  by  a  cloud,  could,  with  some 
further  study,  be  lo  determine  whether  or  not  an  object  is  shaded  by  a 
cloud  during  the  simulated  battle. 

With  minor  modifications,  the  results  of  this  chapter  could  be  used 
to  determine  the  contrast  of  the  target  with  its  surroundings  at  night.  A  target 
illuminated  by  moonlight  has  approximately  the  same  contrast  as  o  t raget 
illuminated  ov  direr  sunueM  since  the  directional  reflectance  remains  fairly 
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constant  (Gordon,  1964).  However  the  prevailing  ll)u  ml  nation  changes.  The 
direct  llluml nation  under  moonlight  condition*,  tabulated  by  Brown  (1952)  as  a 
function  of  the  mOon  sanith  angle,  ia  given  in  Figure  SI.  However,  an  in  day¬ 
light  shadow*  will  be  present  within  the  object  and  on  the  surfaoee  of  terrain 
features  faoing  away  from  the  moon.  As  with  daytime  conditions ,  the  lumin¬ 
ance  of  a  shaded  area  can  be  expressed  in  terms  of  tbs  ratio,  SR,  of  indirect 
to  direct  illumination  (see  equation  3.17).  However,  data  are  not  available 

for  this  ratio  for  moonlight  conditions.  As  an  interim  measure,  it  could  be 

! 

assumed  that  values  of  this  ratio  given  for  daytigbt'4***  Figure  21)  hold  for 
the  reduced  Illumination  levels  at  night. 

nummary  and  Conclusions 


phi 
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In  this  chapter,  the  tank-target  was  represented  as  a  sphere.  A  method 
was  given  for  estimating  the  internal  contrasts,  Cj,  between  the  highlighted  and 
shadad  parts  of  the  spherical  target  and  the  two  edge  contrasts:  C  ,  the  con- 
traat  of  the  highlighted  part  with  the  background  and  C__,  the  contrast  of  the 

cJr 

shaded  part  with  the  foreground.  Relationships  discussed  between  these  con¬ 
trast  values  and  tho  single-glimpse  detection  probability  for  use  in  equation  3Ul*f 
Chapter  2  are  summarised  in  the  flow  chart  In  Figure  17  Although  the  represen¬ 
tation  of  tho  target  is  very  simplified,  a  more  detailed  representation  of  tho  target's 
shape  would  bo  of  xlnbioua  value  until  tho  effect  of  different  contrast  patterns  on 
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detection  cM  b*  accurately  described,  That  Is,  •van  it  a  large  number  of  point 
measures  of  contrast  could  be  predicted,  It  la,  at  present,  difficult  to  say 
whica  are  most  important  to  the  observer  in  making  a  detection. 

In  tike  seat  chapter  this  model  is  used  in  a  probability  model  vhich 
p»e dicta  observer  performance  when  searching  for  tbs  target  in  a  complex 
display.  Aa  attempt  to  validate  the  model  is  also  discussed  at  the  end  of  the 
following  chapter. 
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CHAPTER  4 

PROBABILITY  MODELS 


In  the  preceding  chapter,  a  model  for  predicting  the  probability, 
g,  that  e  target  is  detected  on  a  single-glimpse  wet  developed.  By 
dividing  the  target  into  two  distinct  areas,  one  highlighted  and  one 
shaded,  three  point  meesuree  of  contrast  were  calculated: 


HB 


C, 


3F 


the  apparent  contrast  of  the  highlighted  pert 
of  the  target  with  the  background, 

the  apparent  contrast  of  the  shaded  pert  of 
the  target  with  the  foreground,  and 


Oj  •  the  apparent  internal  contrast 

Using  equations  3.8,  3.9  and  3,10,  tba  singlo-gllmpse  detection 
probabilities  gHfi,  gSf.,  and  g  of  areas  having  contrast  CHB,  Cgp, 
and  Cj,  respectively  were  calculated.  The  single-glimpse  detection 
probability,  g,  for  the  entire  target  w«s  then  related  to  those  threo 
measures  of  glimpae  probability  by  th*  equation: 


»  -  1  -  (1  -  Uj)  (1  -  Ogg)  (1  -  9sr) 


(4.1) 


An  analytic  procedure  for  predicting  luminances  of  terrain  features  and 
target  surfaces  was  also  presented  In  Chapter  3.  The  calculations 
required  for  these  luminance  descriptions  were  geared  toward  efficient 
execution  on  an  electronic  computer  while  preserving  the  resolution 
requirements  of  the  combat  simulation.  In  this  chapter,  this  predicted 
value  of  the  single-glimpse  detection  probability  {equation  4.1)  Is 
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u«ed  In  a  probalniu y  model  which  accounts  for  search  of  the  scene 
by  the  observer . 

As  discussed  in  Chapter  1,  Stollmack  (1964)  suggests  that  the 
probability,  P  (t)  ,  that  detection  occurs  in  time  t  or  loss  is  given  by: 

-  fjUT) 


¥  (0  -  1  -  a  d  T  , 


(4.2) 


wham  A(T)  is  the  conditional  detection  rate.  Two  forms  of  this 
conditional  rate  were  suggested  in  Chapter  1. 

The  first,  called  the  “glimpse  model"  incorporates  the  model 
predicting  single-glimpse  detection  probability  developed  In  Chapter  3. 
This  modal  yields  a  continuous  function  for  the  glimpse  probability  of 
a  target  taovlng  with  respect  to  its  surroundings.  Since  the  target  is 
moving,  such  factors  as  the  relative  sizes  of  the  highlighted  and  shaded 
areas  a-  ’  the  cont.asts  of  these  erees  with  the  surroundings  change. 
These  changes  result  in  a  glimpse  probability  which  is  a  continuous 
function  of  some  set  of  environmental  variables  and  time,  g(S,T) ,  Glvon 
this  function  g(S,T),  the  conditional  detection  rate,  MT),  can  be 
written  as. 


/4  p  g  (S,T) , 

where  p  is  a  function  correcting  for  forms  in  the  scene  which  abstract 
the  observer’s  attention  (confusing  forms)  and  /k  is  the  glimpse  rate. 

The  second  form  of  X(T)  is  a  simplification  of  the  first.  In 
this  model,  it  is  assumed  that  the  conditional  detection  rate  Is  a  step 
function,  changing  instantaneously  at  discrete  points  In  time  along 
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tho  movement  i>4th  of  the  target.  This  simplified  model,  hereafter  called 
the  “step"  mooes  assumes  that  the  single-glimpse  detection  probability 
remains  fairly  constant  between  points  in  time  where  major  changes 
occur.  The  reason  for  making  this  simplification  is  that  parameters  of 
this  simplified  distribution  can  bo  estimated  by  the  method  of  maximum 
likelihood  from  detection-time  data.  {Such  efforts  for  the  continuous 
modal  would  be  extremely  difficult  because  of  tho  nature  of  the  distribut¬ 
ions  involved  .)  These  estimates  can  then  bo  related  to  values  of  the 
conditional  detection  rote  generated  by  the  glimpse  modol  to  test  the 
validity  of  the  glimpse  model.  However,  attempt  at  validation  v  ere  not 
successful  because  the  necessary  data  could  not  be  obtained.  These 
difficulties  are  also  discussed  In  this  chapter. 

In  tho  following  section  the  glimpse  model  is  discussed. 

The  Glimpse  Model 

Tha  probability  that  a  target  Is  detected  on  a  single  glimpse  has 
been  suggested  (In  Chaptor  3)  to  be  a  function  of  its  internal  contrast 
its  contrast  with  the  elements  of  the  terrain  against  which  It  Is  silhouetted, 
and  th*  size  of  the  highlighted  and  shaded  areas  apparent  to  the  observer. 
Fora  moving  target,  this  glimpse  probability  Is  continually  changing 
since  the  environmental  variables  affecting  glimpse  probability  {discussed 
In  Chapters  l  and  3}  change  with  time.  Lawson  and  Stollmack  {1968) 
have  shown  that  the  instantaneous  cooditonal  detection  rate,  ACl^),  at  a 
time  is  ut  via  fotm. 
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where*  i  s  •  «*  jumpso  rate,  p  *  —  ,  where  n  is  the  number  of  confusing 

n 

forms  In  «h*  scene  (discussed  hi  Chapter  2)  and  g  is  the  instantaneous 
•Ingle -glimpse  detection  probability.  Changes  in  the  conditional  detect¬ 
ion  rate  are  most  likely  explained  by  changes  in  the  single-glimpse 
detection  probability.  Since  the  fixation  rate(/u,  remains  essentially 
constant  (White  and  Ford,  1960)  and  the  number  of  confusing  forms,  n, 
is  a  function  of  the  scene  content  not  time.  With  this  assumption  and 
a  single-glimpse  detection  probability  changing  with  time,  equation  4.3 
becomes 


X(T)  cMP3('n. 


(4.4) 


Using  the  method  developed  in  Chapter  3,  the  single-glimpse 

detection  probability  for  moving  targets  can  be  calculated  everywhere 

along  the  targets  movement  trace.  For  any  one  scene,  a  function  similar 

to  that  shown  In  Figure  28  might  be  expected.  As  a  convention,  the 

continuous  model  treating  the  conditional  detection  rate  as  a  function  of 

the  single-glimpse  probability  model  developed  in  Chapter  3,  will  be 

called  the  "Glimpse  Modol" .  Prediction  of  the  glimpse  rate.^i,  and  the 

equivalent  number  of  confusing  forms  in  the  scene  is  discussed  below. 

Prediction  of  the  Glimpse  Rate  and  the  Equivalent  Number  of  Confusing 
Forms 

As  discussed  in  Chapter  2,  considerable  work  has  been  devoted  to 
measuring  the  rate  at  which  fixations  are  made  on  a  display.  This  rate 
is  a  function  of  various  factors,  including  the  scene  content  (Townsend, 
Enoch  and  Fry;  1958)  and  the  display  sire  (F.noch  and  Fry,  1958).  White 
(1984)  suggests  tbat  3  fixations  per  socond  can  bo  expected  under  most 
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search  stiwuo&s.  This  value  of  fixation  rata  Is  widely  accepted  and  has 
been  used  us  numorous  models  of  detection  (Ryll,  1962) .  Boynton, 
Elsworth  and  Calmer  (1958)  Investigated  the  relationship  between  an 
observer's  detection  performance  and  the  number  of  forms  in  the  scene 
resembling  the  target  in  size,  shape,  and  contrast  (see  Chapter  2). 

A  relationship, between  target  detection  probability,  p,  the  number  of 
confusing  forms,  n,  and  the  exposure  time,  T,  is  indicated  by  Figure  7 
of  Chapter  2.  The  empirical  fit  given  by  Ryll  (1962)  for  all  target  sizes 
and  contrast  investigated  in  the  Boynton,  §UlL  <  study  is: 


29  CD 


(4.5) 


If  T,  the  exposure  time  is  taken  to  be  1/3  second,  the  time  for  a  single 
glimpse,  aquation  4.5  becomes 


1  +  iioTl? 


(4.6) 


This  expression  can  be  solved  explicitly  for  n  in  terms  of  p  as  follows: 


n  =  10.44 


I..ZJ? 
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(4.7) 


Using  thi3  equation,  the  effective  number  of  confusing  forms  for  the  terrain 
scene  can  be  predicted  if  a  value  of  p  Is  known.  A  means  of  estimating 
the  value  of  p  for  each  scene  is  discussed  below. 
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If  «ir«  ^s*rvar  makes  fixations  at  a  target  scene  at  a  constant  rate 
jk.  ,  It  has  h««(>  shown  that  the  probability,  P(  t ) ,  that  a  stationary  target 
Is  detected  ir  time  t  or  less  is 


P(  t  )  8  1  •  8 


-*gp 


(4.8) 


where  g  Is  the  single-glimpse  detection  probability  determined  from 
wquatton  4.1,  and  p  is  the  detection  probability  used  in  equation  4.7 
to  predict  the  equivalent  number  of  confusing  forms.  Given  estimates, 

X  ,  of  the  detection  rate  of  a  stationary  target  in  a  natural  environment, 
f,  an  estimate  of  p  ,  is  given  by: 

A 

^  =  V3g,  if  the  fixation  rate  ./Ms  assumed  to  be  a  constant 
3  per  second.  Substituting  this  into  equation  4.7  yields  the  expression 


n  -  10.44 


* 

3g  -  X 


(.775) 


(4.9) 


as  on  estimate  of  the  number  of  confusing  forms  in  each  scene.  Discussed 

below  is  a  method  of  determining  a  statistical  distribution  of  the  number 

of  confusing  forms  contained  in  a  typical  terrain  scene. 

Distribution  of  the  Number  of  Confusing  Forms 

In  the  preceding  section,  a  method  of  estimating  the  effective 

number  of  confusing  form  in  a  terrain  scene  was  suggested. 

To  make  the  glimpse  model  completely  general.  It  Is  desirable  to 

have  a  value  of  the  effective  number  of  confusing  forms  to  enter  into 

equation  4.4  for  &  specific  terrain  type.  To  obtain  on  estimate  of  n,  it 

is  necessary  to  measure  detection  times  for  several  observers  viewing 

■o 

&  Stationary  target  from  these  detect) or.  times,  *m  estimate-,  S.  ,  of  the 
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sted,  Substituting  this  value  of  X  into  equation  4.9, 


art  0«tt  *  4,9  w 


would  bo  calculated. 


S!-.vu  *  .«  (I-  experimental  effort  Is  impractical  for  each  scene 

because  of  ' ».«  -.ergo  numbAt  of  possible  scenes  a  single  experiment  with 
several  c  la  e  oil  (cations  of  terrains  would  permit  the  determination  of  a 
atetifltical  distribution  of  the  number  of  confusing  forms.  Typical  terrain 
classifications  are: 

1.  Hat,  no  trees  or  schrubs,  with  tall  grass. 

2.  Flat,  small  schtubs  and  grass. 

3.  Flat,  trues  and  schrubs. 

4.  Flat,  barren  with  trees  In  background. 

5.  Rolling,  with  schrubs  and  trees. 

6.  Rolling,  with  sparse  vegetation. 

7.  Heavily  vegetated  (Jungle). 

Of  course,  the  above  list  contains  only  a  few  of  those  terrains  which 
might  be  considered.  The  choice  of  those  classifications  depends  on 
tho  environment  in  which  detections  are  to  be  expected  to  occur.  Once 
a  list  of  the  terrain  types  In  which  detection  might  occur  have  boon 
compiled,  an  experiment  to  determine  a  statistical  distribution  of  the 
number  of  confusing  forms  is  necessary.  Suggestions  for  planning  such 
an  experiment  are  given  below.  Given  several  examples  ct  one  terrain 
typo  a  few  tvoioal  target  locations  in  the  scones  would  be  selected.  As 
soon  in  equation  4.4  «n  estimate  of  tha  dotoction  rate  fo)  scone  is  needed 
to  calculate  n.  S eve  t\l  suvircts  me  asked  to  find  the  taigets  in  each 
SCauo  u.  .nj  ti.o  not'vM  gt  'tM  ,'>y  brown  ,  an  estimate,  X  j  >f  the 

d-rte.  tv  .  ■  «ie  to  •  *  /*'  <■«  «•  m  UMriNju  .■-»j»aH'*,**attoii  }  is  catr  •..lated. 
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Than  u  -  -ik-..latod  using  tho  method  dlscunsed  In  Chapter  3  for 

predicting  the  !<}~glimpse  detoct ion  probability.  Given  X  the 

1J  u 

affective  number  of  confusing  forms,  ftjj  for  scone  1  in  the  terrain 
type  is  c;a  leu  la  tod  bor: 


10  44 
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X  1) 


(.775) 


(4.10) 


Given  N  values  of  the  effective  number  of  confusing  forms  for  terrain 
type  I,  the  statistical  distribution  of  n^  could  be  estimated  from  a 
histogram  of  the  data.  Stoilmack  and  Lawson  (1968)  have  shown  that 
for  9  scenes  from  the  tank  ranges  at  Fort  Knox,  the  effective  number  of 
confusing  (om.s  is  approximately  distributed  according  to  a  Poisson 
distribution  with  a  mean  of  9.83,  The  scenejin  this  group  como  from  “ 
sevoral  different  terrain  classifications  but  contain  a  good  sample  of 
what  might  be  classified  as  a  "Fort  Knox"  terrain.  Since  there  wore 
only  9  scenes  It  was  not  feasible  to  classify  their  content  and  divide 
them  into  categories,  because  any  further  breakdown  would  reduce  the 
size  of  the  sample  upon  which  tho  distribution  of  n  is  based.  To 
apply  the  model,  during  a  simulation  run  the  distribution  of  the  effective 
number  of  confusing  forms  is  determined  by  Monte  -Carlo  methods  for 
each  terrain  type  in  which  detections  arc  made. 


Time  and  funds  prohibit  the  completion  of  tho  analysis  outlined 
above  since  an  extensive  amount  of  terrain  analysis  and  data  collection 
and  reovctlcn  are  required.  Performance  of  tho  analytic  procedure  out¬ 
lined  i"  l:  is  sset.  »  J  >->'•,  r.mnnded  if  the  glimpse  model  is  to  applied 
to  a  VJn 01 1'  r-'«*  1  ->  ic  •  l.mfonc  containing  several  tone,  in  classifies  - 
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G-.  *  i  oiistant  fixation  rate  of  3  glimpses  per  second  and  an 
estlma'c  >1  the  equivalent  number  of  confusing  forms  in  a  scene, 

the  prcfceMltTY  Pit) ,  that  a  target  is  detected  In  t  seconds  or  less 
(equatlor  -1.  1)  according  to  the  glimpse  model  becomes: 

ft 

-  J  3g(T)/ndT 

P(t)  =  1  -  e  w  .  (4.11) 

This  form  of  the  probability  P(t)  results  from  a  conditional  detection  rate 
which  is  a  continuous  function  of  time,  such  as  that  shown  in  Figure  28. 

In  the  next  section,  the  form  of  this  conditional  detection  rate  Is  reduced 
to  a  step  function  with  instantaneous  changes  at  known  discrete  points 
in  time  during  the  movement  of  the  target. 

The  Step  Model 

The  Glimpse  model  developed  in  the  preceding  section  yields  a 
continuous  function  for  the  conditional  detection  rate,  X(T)  ,  as  shown 
In  Figure  2  8.  In  this  figure.  It  Is  suggested  that  subtle  changes  at 
finite  times  In  target-background-observer  conditions  cause  changes  in 
the  detection  rate  at  several  points  in  time.  Since  detection  times  from 
the  movies  taken  by  Brown  (1966)  are  to  be  used  to  estimate  the  effect 
of  changes  in  these  conditions,  a  statistically  significant  number  of 
data  points  must  be  available  to  estimate  X(T)  for  each  rate  change.  In 
this  section,  a  simplification  in  the  form  of  the  function  X(T)  is  suggast- 
ed  so  that  statistical  estimates  of  the  detection  rates  during  the  target's 
exposure  time  can  be  calculated.  This  simplified  form  of  \(T)  called 
the  "step  model"  in  discussed  below. 

Examination  of  films  of  moving  targets  taken  by  Brown  Indicates 
that  changes  in  the  appearance  of  the  target  occur  several  times  during 
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it*  move®*©*,  «<>«9s  the  scene.  If  these  change*  are  instantaneous  and 
remain *t  smn*>  essentially  constant  level  during  a  certain  time  interval, 
a  sisiptimHon  can  be  made  in  the  form  of  X(T)  a*  predicted  by  the 
Glimpse  model.  If  the  single-glimpse  detection  probability  idurlng 
this  time  Interval  is  a  constant  g,  the  conditional  detection  rate  A(T) 
is  a  constant  given  by  equation  4. 3  as 


MT)  *  m-Q  P 


(4.12) 


where  /*-  and  p  ,  defined  previously, are  constant  for  each  scene.  The 
conditional  detection  rate,  (7) ,  for  the  l**1  such  time  Interval  is  given 
by. 


\(T)  «  ^PQj 


(4.13) 


where  g^  ,  the  single-glimpse  detection  probability  in  the  interval  Is 

calculated  from  equation  4.1.  If  the  times  T^(i  *0, . . ,  ,  N)  that  the 

glimpse  probability  changes  occur  are  subjectively  measured  from 

examination  of  the  films  the  functional  form  of  the  new  A(Y)  might  appear 

as  shown  in  Figure  29.  (In  this  figure  the  form  as  suggested  by  the 

Glimpse  model  is  superimposed.)  In  this  figure  the  target  becomes 

lntervlsible  to  the  observer  at  time  Tq  and  the  conditional  detection 

rate  is  constant  At  known  points  in  time,  T^(i  «•  1 , . . .  ,3)  the  rate 

aasumes  some  constant  level  X^(i  =  1 , . . . ,  3)  and  remains  at  that  level 

until  time  T.^ , ,  when  it  Instantaneously  changes  to  a  level  X . .  In 
i+i  i+i 

Figure  28,  it  is  noticed  that  the  simplified  form  of  X(T)  closely  approxi¬ 
mates  the  continuous  from  suggested  by  the  Glimpse  model  only  If  the 
changes  in  \(T)  ar®  essentially  in3tantan«o?j»  .  This  simplification  is 
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fairly  consistent  with  the  condition#  actually  observed  on  the  films  taken 
by  Brown  { 1 9 b 6) .  The  condition  of  the  target  does  change  almost  In¬ 
stantaneously  at  several  points  along  Its  movement  path.  These  changes 
are  caused  by  several  factors: 

1 .  The  target  may  become  silhouetted  against  another  element 
of  the  background,  thus,  changing  Its  target-to-background 
contra  at , 

2.  Tha  exposure  angle  (angular  subtance)  of  the  target  may 
chang*  as  tha  amount  of  tha  taryat  concaaled  by  some 
terrain  feature  such  as  a  low  bu«h  or  high  grass  changes, 

3.  The  orientation  of  the  vehicle  may  change  due  to  a  rise 

or  fall  of  the  target  with  respect  to  position  of  the  observer 
and  the  illuminating  source.  This  change  in  orientation 
alters  the  appearance  of  the  target  by  changing  the  relative 
magnitudes  of  the  percent  of  the  target  highlighted  and 
shaded, 

4.  A  change  in  the  crossing  velocity  of  the  target  relative  to 
the  observer,  and 

5.  A  change  in  direction  of  advance. 

According  to  the  simplified  model,  when  any  one  of  these  or  other 
events  changing  the  detection  rate  occur,  the  rate  changes  immediately 
by  a  constant  amount  and  remains  at  its  new  levwl  for  a  finite  period 
of  time.  Of  course,  the  change  in  detection  rate  may  not  be  instantan¬ 
eous  but  increase  or  decrease  to  some  constant  level  at  a  constant  rate 
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as  a  function  of  time.  This  case  and  the  problems  it  introduces  are 
discussed  at  the  end  of  this  chapter.  In  the  following  section,  the 
distribution  of  detection  times  for  a  target-motion  scene  vlth  N  changes 
in  the  glimpse  rate  is  developed. 

Distribution  of  Detection  Times 

Stollmack  has  developed  an  expression  for  the  distribution 

of  detection  ^  s  stationary  target  vla'sK&rS  by  a  moving  observer. 
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In  thJ3  m»*<T*  tenges  In  the  conditional  detection  rate  occur  at  discrete 
points  in  'urK  »{  as  in  the  Simplified  model  discussed  in  the  preceding 
section  1  v«  '-.‘ore,  the  only  difference  between  the  model  derived  by 
Stollroeek  «ed  the  Simplified  model  is  that  rate  changes  are  caused  by 
target  motion  rather  than  observer  motion.  Regardless  of  the  cause  of 
the  change,  the  distribution  of  detection  timas  is  the  same  if  the  condi¬ 
tional  detection  rates  are  the  same.  The  distribution  of  detection  times 
for  the  Simplified  model  is  discussed  below.  This  development  is  a 
direct  extension  of  the  work  contained  in  Stollmack  (1965). 

In  the  general  Step  model,  the  conditional  detection  rate  XOI  is 
a  step  function  changing  at  N  determinable  points  in  time  as  shov-n  In 
Figure  30.  In  this  figure,  the  target  emerges  from  a  terrain  feature  at 

time  Tn  and  becomes  completely  hidden  from  the  observer  at  time  T  . 

0  N 

At  discrete  points  T  (1  =  0, . . .  ,  N-l)  within  the  movement  trace  of  the 
target,  the  conditional  detection  rate  assumes  some  constant  level 
^(l^O, .  . ,  ,  N-l),  and  remains  at  that  lavel  until  time  Tj+j.  Given 
that  no  detection  has  occurred  up  to  the  time  T  ,  the  conditional  cumula¬ 
tive  probability,  (t-T{) ,  that  detection  will  occur  at  time  t  or  before 


in  the  Inter/al  Ti+j)  is  equal  to 


P]  (t  -  I,)  -  1  -  e"Xi(t  "  Ti) 


(4.14) 


for  i  K  0, . ..  ,N-l.and  T,  i  t  <  T,  , .  Furthermore,  the  unconditional 
’  i  irl 

cumulative  probability.  P(t)  that  detection  will  occur  at  or  before  time 

t,  where  T.  t  *■  1. ,  can  be  written  as: 

1  \  +  i 


As '  ' 


D5*i*  'S  -  ■■ 


— — - — 

_ .  "'•;* f'V^; 


&JS8M*'*  *** 


- '-  ■  .t«(SW“'' 


P(t)  =  Protection  occurs  before  time  Tj)  + 

P(no  detection  before  time  T^)  •  P(detectlon 
at  time  t  |  no  detection  before  time  Tj) , 

(v  4  T1+i^ 


(4.15) 


Denoting  the  probability  the  detection  does  occur  at  or  before  time 
as  the  cumulative  probability  of  detection,  P(T^) ,  and  the  probability 
that  no  detection  occurs  at  or  before  Tj,  Q(t^)  ,  as: 

Q(T{)  ={l  -  Pdp],  equation  4,15  becomes, 

(p(T4)  +  (l  "  P  (Tj)}  Pj(t  -  Tt)  , 


P(t)  = 


V  1  "Tl+1, 

1  »  1 , . . , ,N-1 


P(rM) 


t  2.  T, 


(4.16) 


if  It  is  assumed  detection  occurs  with  probability  one  at  or  before  time 


Equation  4.  If  can  be  written  as: 


P(T„)  +  {l  -  P(T0)}  P0  (t  -  Tq)  .  Tgit.Tj 
P(Tj)  +  [l  -  PIT,)}  P,  (t  -  T,)  ,  T,it<T2 


P(t>  = 


(4.17) 


P(‘N-1>  +  [!-p(TN-l>}  PN-l(t-TN-l),TN-l1,‘TN 
P(TN)  ,  t>.T 


In  equation  4.17,  the  probability,  P(t)  that  detection  occurs  at 
or  before  time  t,  where  Tq  t  Tj,  is  written 


PW-PCTJ4  }i-PCr0)}  P„(t-T0) 


(4.18) 
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If  the  tarye’  -*  nltlally  completely  hidden,  the  cumulative  probability, 
P(TQ) ,  of  detection  at  or  before  time  ?Q  is  equal  to  zero.  Sotting  T 
the  initial  appearance  time  equal  to  zero,  equation  4.18  becomes: 


p(t)  =  P(0)  +  [l-P(0)j  PQ(t  -  0) 
which  reduces  to 
P(t)  »  PQ(t) 

from  equation  4.14,  P(t>  becomes 
- 1  - 

which  reduces  to 

-V 

,  0£t<T 


-•v 

P(t)  =  1  -  e  0 


(4.19) 


tho  cumulative  probability  of  detection  at  time  t  or  before  0  -  t  <  T 
Furthermore,  the  cumulative  probability,  P(t)  of  detection  during  the 
second  time  interval  (jj ,  T2)  ,  taken  from  equation  4. 17  is  given  by: 

P(t)  =  PIT,)  ♦  j_l-P(T,)}  Pvlt-Tj),  (4.20) 

in  equation  4.20,  Pdj)  is  the  cumulative  probability  that  detection  occurs 
at  or  before  time  T ^ .  This  probability  is  given  by  equation  4. 19  as, 


P(T  )  =  1  -  e"*0  T1 


(4.21) 


The  probability,  Pj(t  -  T^  ,  that  detection  occurs  in  the  time  interval 
(Tj ,  T2)  given  by  equation  4. 14  is: 


“  ^  i  ”  Tj) 

P^t-Tj)  -  1  -  a  ,  Tjtt  <T2 


(4.22) 


Substituting  4.21  and  4.22  into  4.20,  the  cumulative  probability  of 
detection,  P(t),  at  or  before  time  0£f  «,  T0  is  given  by  ; 

4  * 


»<n*~v- —  "  »-■.»*  -a.*  "truiaff  Vf,  ^ 


--'i-v; 


»•  :  (1  -  a 


•A0  TU  .  ,'X0  Tl-  "X>('-T,l 


)  +  ( 


)  (I-« 


1  U  1  1’ 


)  (4.23) 


Pit.)  --  !  -  e 


.  X  T  -  X  (t  -  T  ) 

0  1  1  I 


(4.24) 


In  a  s.-mlar  manner,  the  cumulative  probability  of  detection  at  oi  before 


T  .  is  given  by: 


P(t)  vl  e 


XrT1-X](r2-T1)  -XoTrMVTl}  ~^2(t_T?^ 


wtiu'h  reduces  * o 


Pit)  =  \  -  e 


~S  Ti  'MV1!*  "  V1”^  (4.2$) 


Repeating  this  procedure,  trie  general  form  of  P(0  (equation  4.14)  in 
the  l  '  time  interval  is  given  by: 


P(t)  -  1  -  e 


O0T,  -...-Xn^-T^il-X^t-T,) 


(4.26) 


where  (T{  1 1  <  Ti+^)  .  and  i  =  0 . N-l 


Furthermore,  by  definition,  at  time  T  or  beyond, 

N 


-Xq  Tj  -  \  H' 2  _Tl)  -. .  .  "  *  n*1  m 
P(t)  =  1  -  e  =1,  t>  T, 


From  the  cumulative  distribution  of  detection  times,  given  in  equation 


4.26,  the  probability  density  function,  p(t)  of  detection  times  is  given 


**\  ' 


U0  «"  0t  ,  Oit  <Tj 

;  -V*  v  -vi(t‘Ti) 

:e  S°  1  *  vtc t2 

’V.  v  -X  (t-T2) 

’  «  A  2  e  ,  1'2£  t  ^T' 


p(t)V 


(4.27) 


'VT!  'X1<T2"T1)  ■•••'Al-l(Ti-Tl-l>  -\(t-Tj) 


Ti  4  1  4  Ti+1 

*0  T1  VVV  ".  .  .'AN-2(TN-rTN-2),  Vl«-TN-1> 

An_i  e 


'  TN-1~  t4TN 


,t>T 
*  N 


in  ’he  next  section,  estimation  o'  the  parameters  of  this  distribut¬ 
er  from  detection-time  data  is  discussed.  These  estimates  are  used 
for  comparison  with  predictions  obtained  from  the  Glimpse  model 
discussed  at  the  beginning  of  this  chapter. 

Estimation  of  Xj(i  =  0,  . . . ,  N-l)  fror  Detection-Time  Data 

Estimates  of  the  conditional  :  etection  rate  for  each  target  present¬ 
ation  can  be  computed  using  the  method  of  maximum  likelihood  (Hogg 
and  Craig,  1960).  Partitioning  the  n  subjects  put  on  test(having  a 
chance  to  detect  the  target)  during  the  targets  movement  across  the 
scene  into  K  sets,  we  obtain: 


rii-'ectlons  in  [Tq,T^  ) 

detections  in  [Tj  ,T^  ) 

1 2  detections  in  [Tj/Tj) 


fj,  detections  in  {t^  ,  Ti+j) 


(4.28 


rN- 1 


in  £TN-1'TN* 


n  -  ^detections  in  [TN'"> 


An  unbiased  maximum  likelihood  estimator  for  0  "  'X  ,  derived 

A  A  j 

in  Appendix  D,  is  given  by: 

ri  1 

,  A  P/l  -  Tl-P  +  ("-Sorm)(Ti-T.-i> 

J-  -  £  .  - (4.29 

K  ‘ 


whore 


=  an  estimate  of  the  value  of  ^  in  [t^,  T(+^)  , 

=  the  number  of  detections  in  the  time  interval 

It i  ,Ti+1)(i  *  0 . N-D , 

n  =  the  number  of  o*  'ervers  tested, 

Ti  (l  *  0 # ...» N)  are  previously  defined ,  and 

(t) 

(1  ~  1, , . .  ,ri)  are  the  detection  times  in  the  Interval 

[>,,  T1+))  . 
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The  value  of  iho  conditional  detection  rate  given  In  equation  4.33 
should  bo  oq<ii-  alert  to  that  predicted  by  the  Glimpse  model  for  the  lc^ 
time  interval  fguatlon  4. 13  and  4.29, 


X-  1 


U;  \— 

'  Ti-1^  f  ~  rv.^O  rm^Tj  "  Ti-)j 


—  (4.30) 


/*P  y, 


In  this  equation,  /a.  and  p.  defined  earlier,  are  constant  for  each  scene 
(independent  of  the  value  ot  s) ,  Equation  4.30  provides  a  method  for 
checking  the  validity  of  the  Glimpse  model.  If  the  method  for  computing 
the  nlngle-gllmpae  detection  probability  is  correct,  the  right  and  left 
sides  ot  aquation  4.30  should  be  equivalent.  To  calculate  the  glimpse 
probability,  ,  given  In  equatloh  4.30,  It  is  necessary  to  measure 
certain  quantities  such  as  contrast  and  size  from  the  films  taken  by 
Brown  (1966) .  The  detection  times  used  to  calculate  estimates  of  \  ^ 
were  obtained  from  observers  viewing  these  films.  A  procedure  for 
validating  the  Glimpse  model  by  comparing  the  right  and  left  sides  of 
equation  4.30  is  discussed  in  the  following  section. 

Model  Validation 

in  this  chapter,  two  probability  models  have  been  developed,  the 
first  called  the  Glimpse  model,  gives  the  conditional  detection  rate,  \(X)  , 
as  a  continuous  function  of  several  environments  variables  and  time. 

The  seconds  called  the  Step  model,  approximates  XCV)  as  a  step  function. 
In  the  Stop  model,  the  detection  rate  changes  instantaneously  at  disciete 
determinable  times  during  the  movement  trace  of  the  target.  Given  these 

/v 

times,  estimates  of  the  reciprocal  of  the  conditional  detection  rate.  Qj, 


V  t-  <*« ' 


ft 
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for  tho  interval  of  movement  are  calculable  from  equation  4.29. 

Equating  ar.d  tho  predicted  value  of  JL  In  the  Ith  time  Interval, 

#  1 

*•  up  n 

Ot  1 

Validation  of  the  model  will  entail  comparison  of  the  right  and  loft  sides 
f'f  iM*  equation. 

The  films  taken  by  Brown  (1966)  wore  thought  to  contain  sufficient 
information  to  perform  this  validation.  By  examining  the  films,  any 
ctwmg*s  In  the  value  of  contrast  or  any  of  the  other  variables  used  to 
calculate  tho  single-glimpse  detection  probability  were  noted.  Those 
change*  could  be  considered  as  tho  times  that  the  rate  changes  In  the 
Simplified  model  (Tj  .  T.^.  .  •  .  ,T^)  .  To  calculate  the  single-glimpse 
probability  using  the  method*1  of  Chapter  3,  the  following  quantities 
would  have  to  be  measured  at  several  points  along  the  movement  trace 
of  tna  target  on  the  films: 

1 .  The  apparent  contrast  of  the  highlighted  target  area 
with  the  foreground, 

2.  The  apparent  contrast  of  the  shaded  target  area  with 
the  background, 

3.  The  apparent  contrast  of  the  highlighted  target  area 
with  the  shaded  target  area , 

4.  The  horizontal  and  vertical  angular  subtense  of  the 
target ,  and 

*,  5.  The  relative  amounts  of  the  target  area  which  are 

highlighted  and  shaded. 

In  addition  to  these  measures  at  several  points  along  the  movement  trace, 
the  same  quantities  must  be  determined  for  tho  slides  from  vhlch  the 
detection-time  data  are  used  to  calculate  the  effective  number  ot 


confusing  forms  given  by  equation  4.  Given  all  of  the  above  data,  the 
conditional  detection  rate  in  the  ^  time  interval  is  determined  from: 

\  ^  -  u.qi  n 

whore  is  given  by  equation  4,9,  ^  Is  a  constant  3  per  second,  and  gf 
is  given  in  Chapter  3  as: 


gl  1  “  H  -  Qj) 

and  gj,  g^g,  and  ggp  are  calculated  from  equations  3.8,  3.9,  and  3.10 
respectively . 

Attempts  at  Collecting  Data  for  Validation 

Unfortunately,  attempts  to  collect  the  data  necessary  to  validate 
the  model  were  unsuccessful.  Upon  careful  examination  of  the  films 
taken  by  Brown  (1966)  several  difficulties  were  encountered  which  pre¬ 
vented  collection  of  useful  data.  These  difficulties  were  caused 
primarily  by  the  quality  of  the  movies  taken.  They  include: 

1.  The  film  resolution  was  not  adequate  to  permit  separation 

of  the  target  into  distinct  areas  of  highlighting  and  shading. 

2.  The  film,  when  examined  at  normal  operating  speed  (24 
frames  per  second  )  was  quite  clear  and  details  seemed  to 
be  distinguishable .  However,  examination  of  individual 
frames  revealed  a  great  deal  of  smearing.  This  is  due 

to  a  slight  motion  in  the  film  as  it  moved  past  the  shutter 
when  the  original  films  were  taken 

A  Prichard  photometer  with  a  six-minute  aperture  was  used  to  measure  the 
luminance  of  various  points  around  and  within  the  target  to  obtain 
estimates  of  the  target-scene  contrast.  Because  of  the  problems  with 
reaolution  discussed  above,  inconsistent  and  often  contradictory  values 
of  contrast  were  obtained.  In  addition,  it  was  extremely  difficult  to 


me»a sum  the  angular  size  of  the  target  during  Its  movement.  This 
problem  Is  also  related  to  the  resolution  problem  discussed  earlier,  since 
no  cl.early’defined  border  between  the  target  and  its  background  was 
present  when  viewed  on  an  increased  scale. 

Summary  and  Conclusions 

Two  models  predicting  probability  that  detection  occurs  in  a  time 
t  or  less  have  been  developed  in  this  chapter.  An  attempt  vas  made  to 
study  the  correspondence  between  the  two  models  by  comparing  the 
right  and  left  sides  of  equation  4.34  .  However,  to  calculate  the  single- 
glimpse  detection  probability,  il  vas  necessary  to  obtain  measurements 
of  contrast  and  target  exposure  size  from  motion  picture  films.  The 
quality  and  resolution  of  these  films  were  not  sufficient  to  permit  the 
collection  of  the  required  data  in  the  event  such  an  experiment  is  con¬ 
ducted  in  the  future,  it  would  be  necessary  to  take  the  photographs  on 
a  higher  quality  camera  to  alleviate  the  smearing  problem  vhich  was 
encountered .  Furthermore,  the  film  taken  by  Brown  was  16  millimeters 
in  width,  making  the  size  of  the  target  image  extremely  small.  It  would 
seem  appropriate  to  use  either  32  or  64  millimeter  film  for  the  further 
studies.  In  addition  to  the  better  equipment  and  film,  care  should  also 
be  taken  to  focus  the  Image  at  all  points  on  the  scene  if  possible.  The 
films  taken  by  Brown  were  out  of  focus  at  several  points  in  many  of  the 
scenes . 

In  place  of  the  Improved  film ,  measurements  of  the  variables 
necessary  to  calculate  the  single-glimpse  detection  probabilities 
could  be  measured  in  the  field.  However,  it  Is  felt  that  the  improved 
equipment  and  film  will  alleviate  the  data-collection  problems  more 
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oco'ior.K*  *ule  also  crea'ing  a  permanent  record  ot  the  experiment'', 

CO  Kitt  !*m.  « 

•.  • :  Mied  earner  m  the  chapter  ,  the  change  in  the 
,  '  ■  :v-.  n-twt’f-a  rate  may  not  be  instantaneous  as  assumed  In  the 

i;rt*p  .  !:  the  conditional  detection  rate,  \J(  is  proportional  to 

tlm*..  m  the  s?r  tune  interval,  where 


« 

A  . 

t 


t , 


tf,f.  procedure  used  to  develop  maximum  likelihood  estimators 

to:  rtiidA,  could  not  be  performed  by  standard  algebraic  methods, 

0  i  1  i 

The  or.ty  alternative  would  be  to  use  a  numerical  analysts  technique 
to  obtain  solutions  for  ot^.  andof^  .  Hecauso  time  and 'funds  were 
li  nood.  this  analysis  was  not  pursued  further. 

In  the  next  chapter,  the  two  models  are  summarized  and  recomenda 
tlot'.s  for  future  research  are  suggested. 


•*%'•'  "V*' 


CHAPTER  b 

SUMMARY  AND  CONCLUSIONS 

Th«  research  problem  posed  In  Chapter  I  was  to  dovolop  a  model 
of  visual  detection  fora  combat  computer  simulation  which  predicts 
detection  time  performance  oi  an  observer  searching  for  a  moving  tatgot 
In  »  complex  terrain  scene.  As  indicated  in  Chapter  2.  very  Utile 
experimental  work  has  boon  performed  on  the  detection  of  complex 
objects  In  natural  terrain  displays.  In  this  literature  rovlev  .  results 
of  several  experiments  over  tho  past  few  decades  wore  discussed  In 
from*  detail.  Tho  results  of  those  experiments  gfvo  a  clue  to  tho 
variables  affecting  detection  of  targets  In  a  complex  display  as  opposed 
to  those  contained  In  a  laboratory -type  display  of  uniform  luminance 
and  content.  Tho  problem  of  detection  In  a  homogeneous  display  has 
been  treated  In  some  detail  by  other  authors  (Lawson.  1969),  but 
no  significant  contributions  concerning  complox  displays  are  apparent. 

A  model  based  on  tho  Information  derived  from  results  of  thy 
experiments  discussed  in  Chapter  2  end  tho  intuition  of  the  author  is 
prosontod  in  Chapter  3,  which  predicts  tho  single-glimpse  detection 
probability  of  a  target  in  a  natural  environment.  This  model  treats  the 
target  as  throo  Independent  objects,  each  having  its  own  detection 
probability.  The  probability  of  detecting  tho  entire  object  on  a  single 
glimpse  Is  a  function  of  tho  probahillt ies  that  those  throe  objects  are 
detected.  The  calculations  necessary  to  determine  the  single-glimpse 
4tit«c:tton  probability  arc  easily  executable  on  an  electronic  computm  . 

making  the  model  applicable  to  a  computer- played  combat  simulation. 
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Given  the  single -glimpse  detection  probability ,  g(-r),  the 


probability  (hat  the  target  is  dotoctod  in  a  display  containing  n  forms 


similar  in  appearance  to  the  target  was  shown  to  be 


P  (t)  -  1  -  o 


S  ,ALyP 


where ^  is  the  fixation  rate.  Since  the  form  of  the  function  g(r  )  was 


eot  estimable  from  detection-time  data,  a  simplifying  assumption  was 


evade.  8y  assuming  g(t)  to  be  a  step  function  which  changes  at  de¬ 


terminable  times  during  tho  motion  of  the  target,  an  approximation  to  the 


fortctiorml  form  of  g(r  )  was  made.  This  simplified  functional  form  per¬ 


mitted  the  estimation  of  parameters  of  the  step  function.  An  attempt  vas 


to  relate  the  estimates  of  the  conditional  detection  rate  from  the 


simplified  model  to  those  predicted  by  the  glimpse  model.  However, 


attempts  proved  futile  because  necessary  data  could  not  be  extracted 


from  films  of  moving  targets  in  a  natural  terrain  scene.  Suggestions  for 


Alleviating  this  problem  in  future  experiments  of  this  nature  were  pres¬ 


ented. 


The  model  which  predicts  single-glimpse  detection  probability 


relies  heavily  on  a  simplification  in  the  shape  of  the  target.  A  complex 


multi- luminance  target  Is  seen  by  the  observer.  However,  no  basic 


contrast  threshold  data  are  available  for  such  targets.  Since  the  only 


available  data  are  for  circular  targets  of  uniform  luminance,  it  was 


necessary  to  simplify  the  target  shope  somewhat  by  converting  all  rect¬ 


angular  solid*  into  spheres  having  the  same  cross-sectional  area.  It  is 


obvious  that  the  obiair.'ng  of  contrast-threshold  data  for  complex  objects 


viewed  against  non-homoganoous  backgrounds  Is  highly  desirable,  since 
values  of  contrast  threshold  for  circular  targets  are  very  optimistic  when 
compared  with  the  contrast  thresholds  of  the  complox  traget-scones. 

In  addition  to  this  basic  psychophysical  data  on  contrast  thres¬ 
holds,  the  concept  of  tho  term  "confusing  forms"  needs  further  examina¬ 
tion.  In  Chapter  4,  it  was  assumed  that  distinct  objects  in  the  display 
attract  tho  attention  of  the  observer.  However,  this  may  not  be  tho  case, 
since  the  observer  may  not  solect  distinct  objects  to  investigate,  but 
instead  may  use  the  total  content  of  the  scone  to  perform  an  orderly 
search.  No  search  data  confirming  the  latter  supposition  has  been 
found  in  the  literature.  An  experiment  to  invent! gate  this  hypothesis 
therefore  seems  advlsaole . 

The  model  predicting  single-glimpse  detection  probability  presented 
in  Chapter  3,  Is  completely  general.  However,  its  most  valid  application 
is  for  a  clear  bright  sunlit  day.  As  the  illumination  or  visibility  decreases 
some  of  the  assumptions  used  to  construct  the  model  become  untenable, 
so  further  investigation  of  tho  model’s  validity  in  these  cases  is  advis¬ 
able  before  a  direct  extension  Is  made.  Those  direct  extensions  have 
been  discussed  at  the  end  of  Chapter  3. 

Increased  interest  has  been  expressed  by  the  military  in  the  detect¬ 
ion  of  militarily  significant  objects  at  night  by  either  unaided  or  aided 
(optical  devices)  vision.  To  extend  the  glimpse  model  to  lov*  illumina¬ 
tions,  further  study  of  the  following  factors  would  be  necessary: 

1.  The  concept  of  confusing  fomts.  It  seems  logical  to 
to  assume  that  thore  are  considerably  more  forms  in 

the  display  which  compete  for  attention  because  detects 
ion  is  so  difficult  at  all  but  the  shortest  ranges  if  vision 
unaided. 

2.  The  fixation  rate,  which  most  likely  changes  with 
illumination  level  and  possibly  other  factors. 
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APPENDIX  A 


VISIBILITY  DATA  FOR  THE  SEMBACH, 

GERMANY,  WEATHER  STATION 

Figwre  A.  1  indicates  the  change  in  meteorological  visibility  with  the 
amnii  ct  the  year.  Figures  A.  2  and  A.  3  illustrate  the  variation  in  meteorologi¬ 
st  vfctftiRty  with  the  time  of  day  in  the  months  of  April  and  July,  respectively. 
These  figures  were  adapted  from  data  supplied  by  the  Air  Weather  Service 
(MATS,  IMS)  for  the  Sembach,  Germany,  Weather  Station.  Similar  data  are 
•satiable  for  other  weather  stations .  World  wide  risibility  data  has  been  com¬ 
piled  hjr  H.  P.  Dudel  (1966,  1967)  of  the  U.S.  Army  Missile  Command.  These 
data  are  in  the  form  of  cumulative  distribution  functions  similar  to  those  shown 
in  Figures  A-  2  and  A.  3. 
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APPENDIX  B 

DIRECTIONAL  REFLECTANCE  DATA  FOR 
REPRESENTATIVE  TERRAIN  FEATURE 
TYPES 

Tables  containing  reflectance  data  for  several  terrain-features  are 
f3v«n  in  this  appendix.  The  data  of  Table  B.  Iwcre  taken  under  an  unobscured 
moderately  high  sun  (ct=  40°).  Values  are  given  for  different  azimuth  angles 
ft  c i  the  path  of  sight  relative  to  the  sun  and  zenith  angles  <p  of  the  path  of 
•ftgM.  Similar,  but  much  less  extensive  data  are  given  in  Table  Betaken 
uMtar  an  overcast  sky.  Tabic  R3  gives  directional  reflectances  for  dirt  road 
when  the  sun  is  close  to  the  horizon. 

The  change  in  the  reflectance  with  obscuration  of  the  sun  and  changes 
i»  the  position  of  the  sun  in  the  sky  can  be  seen  from  the  data  of  Tables  B.  4 
and  b. 5 .respectively.  The  data  of  Table  B.  4  for  a  ploughed,  moist,  sand-loam 
•dl,  indicate  that  directional  reflectance  decreases  as  the  illumination  be¬ 
comes  more  diffuse  (that  is,  aa  the  sun  is  obscured  by  a  cloud).  The  data 
of  Table  ib  5  for  a  freshly  ploughed  dirt  road,  indicate  that  directional  re- 
floctani'e  decreases  as  the  sun  zenith  angle  a  decreases. 


pebble* 


TABLE  B.  4 

CHANGE  IN  REFLECTANCE  FOR  OBSECURED  SUN 


Directional  reflectance  for 
zenith  angle  of  path  of  sight 


Unobscured 

Obscured 


:  ;  J 


V'  V  'v' 

•-"■cl  p-i: 

•SI  >JrJg 


TABLE  B.  5 

CHANGE  IN  REFLECTANCE  WITH  POSITION  OF  SUN  IN  SKY 


Directional  reflectance  for 
senith  angle  of  path  of  sight 


a 

b 

o 

o 

00 

T-i 

150° 

120° 

95° 

i. 

Low  sun 

77.8 

90 

.230 

.264 

.314 

.458 

2. 

High  sun 

42.0 

90 

.226 

.229 

.247 

.270 

appendix  c 


example  of  the  determination  of  azimuth 
ANGI J  OF  THE  PATH  OF  SIGHT  RELATIVE  10 

SUN 

Given  the  sun  azimuth  angle  p  and  the  observer  azimuth  angle  \  .  the 
unimvuh  angle  *  of  the  pail  of  sight  relative  to  the  sun  can  be  calculated  from 

*  ‘  Y  ‘  P 

ifiw*  \b*  «*#**  a.  p,  6  are  illustrated  to  Figure  C.  1. An  example 

iUttttruttftJ!  Use  calculation  of  5  If,  givon  in  Figure  C.  1. 
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\.\D  PROOF  THAT  IT  IS  UNBIASED 
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The  distribution  derived  m  Chapter  4  is  a  negative  exponential  with  an 

•j* 

H -stage  step  function  is  dec  onditional  detection  rave  and  known  location 
parameters.  If  a  total  of  n  mde  per  «!<_-.  t  subjects  have  an  opportunity  to  detect 
y*e  target.  an  analogy  e*n  be  drawn  between  the  detection  phenomena  ind 
reliability  apr.lication.#.  Lj  reliability  terminology,  the  eq'uv.  e  ,.,\»ift;<m 
would  be  r.  mechanical  ayste-ns  whose  failure  rates  an1  an  ec,ui .  alt-m.  fn^h  >n 
lie  cause  of  the  uoove  correspondence,  tins  model  of  Chapter  4  c*n  be  use-;  m 
reliability  problems  of  thvs  nature. 

fn  ^bc  n  u>tal  item-  pui  oo  test  (sublets  wm  nave  ar  opportun 

ib/  !«  t»  art  be  partitioned  into  N  -  I  groups  follow  si: 

f  \ 

s0  observers  detect  the  target  mbf  j,  T  j 

r ,  observers  dc^ct  the  target  inf  T , ,  T  \ 

1  Ll  2* 


v,  observers  detect  the  target  »n  jit,  T<*.  (*f 


'  L* .  11 


r^  obaervura  deic'd  the  target  in[*r^  j,  T^l 

h-1  .  . 

V  '  (  \ 

r  i\  -  (  ,  t'olvKJrven)  do  loot  th«  target  In  T  ,00 


m  y 


ttu*  v/'V'uiWlUy  •'Vanity  function  of  detection  times ,  tjivon  In  Chapter  i  lt> , 


|V'V 
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v  *  into  thin  probability  do  no  tty  function,  p  (t)  becomes 

l  H  i 


The  maximum  likelihood  estimator  of  Vj  turns  out  to  bo  biased,  there 
tvro  the  reciprocal  of  \  is  taken  since  it  is  unbiased  (Clark,  tilths). 
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Tlw>  probability  of  the  partitioning  given  in  equation  D.  1  in 
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^dependence  of  tao  individual  detection  times ,  the  conditional  density 

(0)  (0)  (0)  . 

■•it  oittft.n -nt?  the  ordered  observations  t  .....  t  .  Riven  r  and  t,  -  T , 
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Afui'jtily  for  the  second  time  interval,  the  conditional  density  of  obtaining  the 


>rrknced  observations  t. 


given  r  and  <  1 1  ^  is  given  by 
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then  follows  that  the  likelihood,  L,  for  tho  snm|i)  is 
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the  natural  logarithim  of  both  sides  and  differentiating  with 


respect  to 


=  1»  •  •  • » N-l) ,  we  obtain 
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«y  Jr.  <>to  end  of  (he  i  tone  uiteival  must  he  averaged  orei  all  of  the  observers 
tfWh  -sst^ai  t«  the  latcrva!  -T. ,  T  )  to  raise  the  average.  Equation  D.2  is 
aa  eMi.aqe  of  ihc  ru. ipri< *;al  of  ,Jv»  c..i\diUon;d  detection  r:bo,  K.  ,  in  the  time 
interval  T  ,  +  1).  A  proof  that  this  estimate  is  unbiased  is  given  below. 
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An  tutftased  <  -iLiur.tu,  &  ,  lias  tin*  properly  that  tin  expected  value  of 

A 

0  la  eqivA!  to  the  true  value  of  the  parameter  9  (Hogg  and  Craig.  1000),  i . e , , 
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Given  k  ordered  observations  x. , . , . ,  Xj.  of  s  items  placed  on  test, 


Johnson  and  Leone  (19(56)  show  that  the  distribution  p  (y  )  of 
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which  is  (2X)  times  a  x  with  2k  degrees  of  freedom.  In  the  case  of  the 

i 

r 

maximum -Likelihood  estimator  given  by  equation  D,  2,  n  -  Lj  r  observers 

m=0  m 

are  available  for  detection  in  the  interval  T^j,  and  only  r.  of  them  do 
detect.  If  there  are  a  large  number  of  detection  times  in  each  interval  t^  , 
the  final  detection  time  in  £  TJ+1 )  approaches  T^,  and  equation  D.2, 
tiie  estimate  of  0^  ,  becomes 


L  ^-rKvv'l^-v 


(D.5) 


«  A 

which  is  of  the  same  form  as  equation  D.  3  with  x  =jt^^  -  T^)  ,  s  =  (n  -  £  r^) , 

(i)  J=1 

k  *  rjt  and  *  (t,.  -  T^).  Johnson  and  Leone  (1966)  also  state  that  the  condi¬ 
tional  distribution  of  a  quantity  (Xj  -  X)  given  x.  ;»  X  ,  is  the  same  as  the  un¬ 
conditional  distribution  of  *s.  Using  this  fact,  the  expected  value  of  6  , 
(Equation  D.5)  is  gamma  distributed,  and 
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which  proves  the  unbiasedness 
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